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Preface

The measurement of geological time and the construction of
a geologic time-scale composed of standard stratigraphic
divisions based on rock sequences and calibrated in years has
long attracted the attention of geologists and has done much
to provoke international co-operation. Thus the Committee
for the Measurement of Geological Time, set up in
December 1923 by the National Research Council of the
USA almost immediately attracted the co-operation of the
pioneers concerned with the dating of rocks by radicactive
decay and served as a world-wide forum through to the
1950s. The first steps to establish a chronostratigraphic scale
were taken much earlier at the International Geological
Congress held in Bologna {ltaly) in 1881 and both of these
activities are now co-ordinated through the various Sub-
commissions of the Commission on Stratigraphy of the
IUGS.

Progress in nuclear physics and the development of new
tools for isotope research saw the effective birth of isotope
geology in 1950 (Rankama 1954) and the following decade
saw a major data explosion in this subject. Much of this curly
work was essentially geochronometric though not necessarily
directed towards the establishment of a geologic time-scale.
However, the possibility of improving the time-scale, at that
time the virtual brain child of one man — Arthur Holmes —
resulted in the holding of an interdisciplinary symposium by
the Geological Society of London, and the subscquent
publication in 1964 of The Phanerozoic Time-Scale followed
by a supplement in 1971, Important aspccts of these in-
fluencial publications were the inclusions ot over 300 jterms or
‘abstracts of published radiometric and stratigraphic data
with comments’ which now constitute the foundation data
bank for virtually all time-scale publications.

A notable problem apparent in these pioneering works is
the considerable element of uncertainty introduced by
differing opinions concerning the numerical values of the
decay constants, particularly for potassium-40 and rubidium-
87, the two parent isotopes with the widest application in
practical geochronometry. The use of the differing decay
constants for the same analytical data could result in a
discrepancy of about 30 Ma for Palaeozoic rocks. Fortunately
the vigorous persual of this problem by a few researchers,
backed by pressure from the Subcommission on Geo-
chronology which circulated questionaires for surveys,
resulted in the presentation at the International Geological
Congress in Sydney, Australia, in 1976 of a ‘Convention on
the Use of Decay Constants in Geoebronology and
Cosmochronology’ (Steiger & Jidger [977} which has since
been universally adopted. The effective resolution of this
problem has prompted re-evaluations of the 1964 time-scale,
notably by Harland, Cox. Llewellyn, Pickton. Smith, and
Walters (1982) and by Odin {1982}. The former work relies
heavily on a data base generated by Armstrong (1978} which

re-evaluated The Phanerozoic Time-Scale data bank
eliminating nearly half of the pre-Cenozoic data but replacing
them by as much and more new data. The latter work also
reassesses the previous data and in addition incorporates a
new data bank of 251 items with very detailed comment on,
and evaluation of, their radiometric and stratigraphic
significance.

The contributors to this volume have among other things
attempted a further reassessment of the aforementioned data
bases. Hopefully this iterative process will in time produce an
accurate time-scale, but at the moment it seems more
realistic to view the suggested summary/compromise time-
scale as ephemeral. A particularly noticeable aspect of this
volume is the combined use of ocean fioor spreading and
reversals of the Earth’s magnetic field as secondary time
keepers. It is already clear that this seconday clock will allow
a very fine resolution of Cenozoic time, but it is equally clear
that the clock has yet to be accurately calibrated. Con-
sideration in this volume is also given to the probiems of the
Precambrian time-scale and it would seem that following
the deliberations of the Subcommission on Precambrian
Stratigraphy and the findings of IGCP Projects 99 and [18
(Geochronological Correlation of Precambrian Sediments
and Volcanics in Stable Zones, and Upper Precambrian
Correlations respectively) the geological community is on the
threshold of a significant advance, albeit one that may be
proceded by vaiuable controversy.

Although there is still room for improvement in the
accuracy and resolution of the time-scale it is nevertheless
sufficiently accurate to allow very useful estimates of the
rates at which many geological processes proceed to be
made, some of the these processes are the subject of papers
in the second part of this volume.

It is inevitable that the task of drawing up a geological
time-scale will remain a collaborative and co-operative effort
and it is encouraging that the hope expressed in The
Phanerozoic Time-Scale ‘that this co-operative venture will
continue’ continues fo be realized. The efforts of many of the
authors to produce up to the minute reviews of their subject
is particularly appreciated by the sponsors of this symposium.

This volume is based on papers presented at a symposium:
Geochronology and the Geological Record, held on the 11th
and 12th May 1982 in the Scientific Societies Lecture
Theatre, London and sponsored by the Geological Society of
London and the Subcommission on Geochronology (1UGS).
The sponsors are deeply indebted to V.G. Micromass Ltd.
for their generous support and to Dr Gilles Odin who
generously made available prior to publication copies of the
proofs of his work Numerical Dating in Stratigraphy for the
use of contributors to this volume.

June 1984 N. J. SNELLING
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Geochronology and the geological record

N.J. Snelling

Some history

By about the middle of the nineteeth century natural
scientists had come 10 the conclusion that geological time was
to be measured in hundreds of millions of years. Darwin in
the first edition of The Origin of Species published in 1859
estimated that 300 million years had elapsed since the end of
the Mesozoic Era; Lyell concluded in 1867 that about
240 million years had elaspsed since the beginning of the
Ordovician Period. Despite the temptation to point out the
obvious discrepancy in these particular estimates and to
suggest that they were no more than educated guesses it must
be remembered that they reflected the most careful mar-
shalling of a vast number of verifiable observations. Indeed
they can now be seen to be remarkably realistic and in
marked contrast to the estimates based on more theoretical
considerations such as ocean salinity, sediment thickness, the
cooling of the Earth or the Sun’s energy source.

Towards the end of the nineteenth century the geologists
views regarding the age of the Earth came under particuiarly
strong attack from W. Thomson {later Lord Kelvin) whose
arguments were based on the energy source of the Sun and
the cooling history of the Earth, and who concluded that the
Earth was probably vounger than about 100 million years.
That geologists found Thomson’s estimates thoroughly
unpalatable is very clear from the literature of the time but
his calculations were apparently irrefutable. Howcver, the
impasse was soon to be resolved following the discovery of
the phenomenon of radioactivity by Becquerel in 1896 and
the realization during the following decade that here was an
unforeseen heat source which completely negated the basis of
Thomson'’s calculations. More important, however, were the
various positive aspects of this discovery, within the same
decade Rutherford realized that the accumulation of the
products of radioactive decay would provide a means of
dating minerals containing radioactive elements and by 1905
he had calculated the first age, hased on the accumulation
of helium in a uraniferous fergusonite. By 1907 similar
determinations by Boltwood indicated that the Palacozoic
Era occurred some 400 to 500 million years ago and that
Precambrian rocks might be as old as 2000 million years. In
1911 Arthur Holmes, with both the enthusiasm of youth and
the foresight of genius. was to write, *. .. ... data will be
collected from which it will be possible to graduate the
geological column with an ever-increasingly accurate time-
scale’.

Not all geologists, however, were as optimistic as Holmes
and indeed it clearly took some time for the significance of
Rutherford’s idea to °catch on’ among geologists. Giekie,
writing in the now famous 1911 eleventh edition of the
Encyclopaedia Britannica appeared to be unaware of
Rutherford’s work but it must be remembered that this was
Edwardian Britain and Rutherford was still in his thirties, a
young New Zealander working in a Canadian University.
Gradually, however, the possibility of dating minerals
became apparent to the geological establishment, though one
suspects that many geologists found this exciting new
development scientifically far too high powered to be
assimilated. During the first half of the present century

‘geochronology’ was the domain of a small group of
enthusiasts of which Arthur Holmes was to hecome the
doyen, in stature if not in age, and who reported to the
Committee on the Measurement of Geological Time,
established by the National Research Council of the USA.

It is just as well that the early geochronologists were
scientists of high ability. The analytical work pushed their
experimental skills to the limit and interpretation . was
confused by helium leakage and by uncertainties as to how
much of the lead present in an analysed mineral was due to
the decay of uranium, how much was due to the decay of
thorium and how much was original. In addition, the decay
constants were not that well known and indeed a reasonable
resolution of this particular problem did not come about until
the 25th International Geological Congress (IGC) in 1976
(see Steiger & Jager 1977). The pioneers also had to cope
with some scepticism from their colleagues as to whether or
not the decay constant {A}, a measure of the proportion of
atoms disintegrating in unit time, was indeed a constant
under all geological conditions or had remained a constant
throughout geological time. The familiar pleochroic halos
were to bring about the resolution of this problem. They
occur in various minerals surrounding minute uranium and
thorium bearing mineral inclusions, and are due to the
structural breakdown of the host mineral brought about by
the emission of energetic alpha particles. The distance
travelled by the alpha particles bears a definite relationship
to the decay constant of the disintegrating parent nuclide
(the Geiger-Nuttall rule). In detail the halos consist of
various rings with discrete and constant radii, each related to
a particular aipha-emitting parent. The constancy of the radii
of these rings, irrespective of the age of the host mineral,
confirmed that the decay constants of alpha emitting isotopes
must be invariant with time (see Rankama 1954 for a
complete discussion of this important subject).

The modern era of geochronology came into being as the
result of the technological breakthrough of Aifred Nier who
in the 1930s developed the modern sector mass spectrometer.
This instrument made possible the distinction between the
radiogenic and non-radiogenic isotopes of the same element,
and later, with the production of artifically enriched isotope
tracers (spikes) provided a means of accurate and precise
analysis of both parent and daughter elements for all the
decay schemes of geochronometric interest. The potential of
this instrument has been widely and rapidly exploited and
together with other technological developments the analytical
aspects of geochronology have become routine and to a
considerable extent automated.

Time-scales

Attempts to give numerical values for the ages of the
“Traditional Stratigraphic Scale’ were first attempted by
Holmes in 1911 and continue to present a challenge to the
earth scientist. Some of the recent Phanerozoic time-scales
are given in Fig. 1 together with one of the early scales by
Holmes & Lawson (1927) for comparison. Conventional
decay constants have been widely adopted following the 25th

3
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IGC and the last three scales in Fig. 1 are based on these
constants, Despite this the age estimates of some of the
system boundaries still show significant differences. The
discrepancies reflect both different or uncertain assessments
of the stratigraphic position of certain key dated rock bodies,
and different interpretations of the meaning and reliability of
certain ages. The scale by Afanas’ yev & Zykov (1975) tends
to assign younger dates to the system boundaries than are
found in the other recent scales. Armstrong (1978} suggested
that this might be due to the heavy reliance of Russian
workers on glauconite and whole rock K:Ar ages both of
which can be tco young due to argon loss.

A particular problem is presented when attempting to date
the base of the Cambrian which simply reflects the difficulties
of defining this boundary in stratigraphic and palaconto-
logical terms. It now seems likely that the boundary will be
placed near the first incoming of Tommotian-type (s.1.) fossil
assemblages with archaeocyathids and small fossils (Cowie
1981). By convention this may also be adopted as the base of
the Palaeozoic although as Cloud (1976) and other workers
have pointed out, underlying strata occur in some places
equivalent in time span to about 150 Ma, and contain
metazoa which could rightly also be considered as Palaeozoic.
Such strata have been assigned to the Ediacarian system
(Termier & Termier 1960; Cloud & Glaessner 1982} by
some workers and to the Vendian {Sokolov 1968, 1972} by
others.

Unlike the Phanerozoic. Precambrian time is entirely
without formal subdivision and indeed there is no concensus
of opinion as to how it should be divided. Most recent
attempts have adopted essentially local successions of
orogenies (or major tectono-metamorphic-plutonic events),
or equally local successions of strato-types. These are both
extensions of the practical approach adopted by geologists in
the field and because they reflect practice in the field they
have much to recommend them. They can be applied over
remarkably wide areas in all the continents. Both types of
phenomena, however, are diachronous and the scales break
down when attempts are made to extend them to a world
wide scale. Such attempts result in compromises and even
negative definitions of boundaries ‘chosen so as to interrupt
as few as possible major sequences of sedimentation. igneous
emplacement, or orogeny’ (Sims 1979). The writer has little
enthusiasm for the application of such boundaries on a world
wide scale. In the Phanerozic, fossils are used for the purely
practical purpose of correlation and geologists did this
effectively long before age determinations became com-
monplace. In the Precambrian, ape determinations are
now commonly available and provide an adequate basis for
correlation. It is surely sufficient to be able to say that an
event Or succession in one continent is more or less con-
temporaneous with an event or succession in another; to say
that such events or successions are “Archaean’ or ‘Lower
Proterczeic® s significant only if some independent,
contemporanecus, and world wide phenomona are also
associated with the particular terminology.

Despite these personal views it scems that the terms
Archaean and Proterozoic are now so firmly established
in the geological vocabulary as to be virtually unassailable
and the Subcommission of Precambrian Stratigraphy has
recommended acceptance of a time boundary at 2500 Ma
(lames 1978). This age seems to have becn adopted
essentially as a convention though it seems likely that most
earth scientists would accept. at least in broad gencral terms,

the view that ‘the Archaean was terminated by a diachronous
wave of craton-forming sialic plutonism and probably major
volcanism and outgassing between 2.5 and 3 G.y. ago” {Cloud
1976). The lower boundary to the Archaean can probably be
set at about 3800 Ma, essentially the limit of the geclogical
record on Earth.

The various subdivisions of the Proterozoic that have been
proposed mainly reflect local intra-continental sequences of
orogenic events or stratotypes. However, an interesting
attempt at a rational subdivision has been advanced by Cloud
(1976, 1978) and is coupled with a strongly reasoned case for
replacing the Proterozoic Eon by two eons. viz the Pro-
terophytic and the Palaeophytic. the names of which denoted
levels of floral evolution, with a boundary between the two at
about 2000 Ma. The lower boundary of the Proterophytic
would now be taken at 2500 Ma although phenomena
appropriate to the Proterophytic occur well into the
Archaean. The upper boundary of the Palacophytic could
correspond to the base of the Cambrian or perhaps more
appropriately the hase of the Ediacarian. 1f the base of the
Cambrian is synchronized with the base of the Palacozoic
traditionalists might like to retain the name Proterozoic for
the hundred or so million years before the Cambrian when
unambiguous metazoa first appeared.

Cloud’s scheme has the attraction of dividing an extremely
long period of time into two mere manageable periods
divided by a world-wide. independent, and more-or-less
synchronous phenomenon clearly reflected in the lithological
characteristics of the stratigraphic record. This phenomenon
is the extension of bicgenic oxygen from the hydrosphere to
the atmosphere. During the Proterophytic, weathering in a
more-or-less oxygen free atmosphere resulted in ferrous iron
being transporied in solution into the oceanic reservoir. In
suitable environments, probably epicontinental seas. much of
this iron was precipitated in the ferric state by oxygen
generated by oxygen-releasing photosynthesizing organisms
giving rise to the banded iron-formations {a grossly simplified
view of a very complex problem; see Maynard, 1983). By
about 2000 Ma ago the evolution of oxygen-mediating
enzymes released the primative photosynthesizing organisms
from the quasi-symbiotic relationship with ferrous iron,
allowing a rapid {tachytelic) evolutionary expansion of
primitive algae. Ferrous iron ceased to be necessary for the
support of such life forms, and as the rapidly spreading and
evolving life forms swept the oceans free of ferrous iron,
oxygen was released into the atmosphere. This dramatically
reduced the input of ferrous iron to the oceans as iron
released in the weathering cycle was oxidized and fixed in
insoluble ferric forms, which found lithological expression in
the first true red-beds {see also Cloud 1976, 1978; Schopf
1978).

The Palaeophytic still remains an inordinately long period
of time and further subdivision is probably desirable.
Undoubtedly the most significant event during this period,
certainly the most important event as far as we human
beings are concerned, was the evolution of the eukaryotes
some time between 1000 and 1500 Ma ago {Schopf 1978}).
Unfortunately this dramatic evolutionary step is very difficult
to detect and is of no practical use to the geologist working in
the Precambrian. Nevertheless so important an event surely
deserves to be enshrined in the time-scale and I suggest it be
used to divide the Palaeophytic into Early and Late divisions
at a point in time yef fo be decided but somewhere about 1500
Ma.
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Geologists concerned with the practicalities of field work
will undoubtedly continue to divide the Proterophytic and
Palacophytic on the basis of orogenic cycles and or stato-
types. Well established biostratigraphic schemes, particularly
for the Upper Palaeophytic, already exist and hold out the
promise of inter-continental correlation (Bertrand-Sarfati
1981; Bonhomme & Bertrand-Sarfati 1982). The established
biostratigraphy reflects the widespread occurrence of
relatively undisturbed and unmetamorphosed Palaeophytic
sediments and volcanics which hold out the hope that
eventually palacomagnetic subdivisions will also become
possible.

Some of the more recent Precambrian time-scales are

Rates of geological processes

Once methods of determining geological ages and expressing
them in conventional units became possible the rates at which
geological processes occurred could be assessed without
resort to undue speculation. However, earlier discussions of
the rate of accumulation of salt in the oceans, and the rates of
sedimentation are now seen to be relatively naive. A far more
detailed and essentially dynamic view of process rates can now
be taken. Sedimentary rocks, the oceans, and indeed whole
segments of the crust must be looked upon as geochemical
reservoirs with wvariable survival prospects and we can
further give detailed consideration to the residence times of

summarized in Fig. 2. the individual elements in these reservoirs. In a closed-
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system-world subject to a dramatic increase in the level of
environmental polflution such studies may be vital to our
survival, and we would perhaps be wise to reverse Llyle’s
famous dictum and look upon the past as the key to the
present. :

Our ability to date rocks with relative ease has for some
time now encouraged attempts to define apparent polar
wandering paths during the Precambrian. Such studies in
Phanerozoic rocks established the reality of Continental Drift
and ushered in the concepts of ocean floor spreading and
plate tectonics. Did such processes occur during the Pre-
cambrian? Did they operate at a faster rate simply because
the Earth was generating more heat than in recent times and
if so did this effect the overall tectonic behaviour of the crust?
Establishing the Earth’s Precambrian palaeo-magnetic history
by correlating ages and pole positions for Precambrian rocks
holds the exciting possibility of elucidating the tectonics of
the Precambrian, and answering some at least of these
fundamental questions.

Although a wide variety of rocks and minerals can be dated
the significance of the calculated ages still requires careful
assessment. The first minerals to be dated were commonly
from pegmatites and it was a reasonable assumption that the
calculated age was also the time of crystallization of the
analysed mineral. Initially this assumption was also made
when it became possible to date the common rock forming
minerals and discordant results were generally attributed to
‘later events and disturbances’. Krummenacher (1961)
appears to have been one of the first to question this
assumption. In an investigation of the K:Ar ages of micas
from Himalayan metamorphites he pointed out that the K:Ar
age of potassic mineral corresponded to the time when the
mineral commenced to retain completely its radiogenic argon.
and that if this was to date a metamorphism, then one must
suppose that the host rock, after metamorphism, was
displaced to a zone in the earth’s crust where temperature
and pressure were such that radiogenic argon could be
completely retained. Krummenacher noted that micas from
catazonal metamorphites in the Himalayas gave significantly
younger ages than those from mesozonal and epizonal rocks
although all rocks had been metamorphosed at essentially the
same time. He suppested that the catazonal rocks had
remained longer in the deeper and hotter parts of the crust at
temperatures such that radiogenic argon was expelled from
the host mineral as it was generated. From this, followed the
interpretation that certain mineral ages might reflect the
cooling history rather than the crystallization of the mineral
concerned, and furthermore if it was assumed that the
temperature at which argon was retained was always the same

for a given mineral, it would be possible to calculate from
discordant age patterns such as he had observed the rate of
uplift and erosion; in a short footnote Krummenacher (op.
cit.) reported such a calculation.

The approach pioneered by Krummenacher was more fully
exploited by Jiger whose work was published in the following
year (Jdger 1962). Jiger attempted to elucidate a complete
orogenic history and viewed calculated ages within a dynamic
framework of heating, deformation, uplitt, erosion and
cooling. The type of attack developed by Jiger has become
the modus operandi of the geochronclogist, to which has
subsequently been added consideration of the relationship
between the cooling history of rocks and their magnetic
properties, and the radiogenic isotope geochemistry of rocks
and minerals. The latter consideration sheding light on the
history of the rocks before the last major event or orogeny by
using the radiogenic isotopes as time dependent tracers.

Gerling (1942) was one of the first to use radiogenic
isotopes as time dependent tracers and by taking the isotopic
composition of leads from galenas of assumed ages arrived at
an estimate of the age of the earth. Without knowing of
Gerling’s work, and quite independently, Holmes (1946) and
Houtermans {1947) made similar calculations and all came to
the conclusion that the earth was over 3000 Ma old {Holmes
1956). The particular problem of the age of the earth was
finally resolved by Paterson (1956} and will not be further
discussed here. Holmes, however, could see wider appli-
cations of the observed variations in the isotopic composition
of the elements containing radiogenic isotopes and in [956
posed the following question which he clearly considered to
be resolvable by reference to such elements, *Has continental
material. or more particularly sialic material gradually
accumulated during the earth’s history, or did it reach the
surface at an early stage and then begin to circulate through
successive cycles of denudation. deposition, metamorphism,
granitization, etc?” We are still attempting to find the answer
to this question and with the advance of technology can now
look at the isotopic variations in strontium and neodymium as
well as lead. However, despite the advances resulting from
our rapidly evolving technology it is humbling to recall that
many of the topics briefly reviewed in this introduction were
mooted by Holmes nearly fifty years ago, and, in one of the
most foresighted papers in the geological literature (Holmes
1932), the paths we should follow to resolve the various
problems were clearly mapped out.
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Precambrian geochronology and the geological record

S. Moorbath and P. N. Taylor

SUMMARY : Rb-Sr, Sm-Nd and Pb/Pb whole-rock isochron methods and the U-Pb zircon method
have been widely applied to dating Precambrian igneous and meta-igneous rocks. Application of these
methods in regional geochronological studies provides reliable constraints on the age and temporal
evolution of rock units, even when some parent-daughter systems have suffered disturbance in
metamorphic and/or metasomatic events which significantly post-date primary rock formation. Initial
isotopic compositions of Sr, Nd and Pb aid geological interpretation of isochron age data, constrain
crustal residence time of the protoliths and can be used to assess the relative contributions of mantle
and crust in magma genesis.

Precambrian sediments can be indirectly dated by reference to age data on interbedded volcanics,
or by age-bracketing between dated basement rocks and dated cross-cutting intrusives. Significant
progress has also been made in the direct dating of sedimentary rocks. Published isotopic age deter-
minations on early Precambrian sediments containing biogenic remains are briefly reviewed. Provided
that stratigraphical and geochronological correlations are correct, it appears that stromatolitic
limestones were being deposited by ¢.3408 — 3300 Ma ago. and that true microfossils occur in rocks
dated at ¢.3200 — 3000 Ma. Evidence relating to possible biogenic markers in sediments reliably dated

at ¢.3800 — 3700 Ma is not yet definitive.

Isotopic methods of age determination can now be applied to
many common rocks and minerals in order to date geclogical
events ranging from primary rock formation to the closure of
different minerals to radiogenic isotope diffusion. which may
relate to the time of uplift and cooling of a metamorphic
terrain. Application of different decay #chemes in regional
geochronological studies has provided reliable constraints on
the ages, geological history and petrogenesis of major rock
units. even in cascs where parent-daughter systems have
suffered some disturbance during metamorphic and/or
metasomatic events significantly post-dating primary igncous
crystallization. Initial isotopic compositions of Sr, Pb and Nd
have proved essential to the geological interpretation of
isochron age data. and they alsoe serve to constrain crustal
residence time for the protoliths of a given rock unit. Such
processes as melting, migmatization, metamorphism and
metasomatism cannot totaily eradicate the radiogenic isotope
record in ancient. crustal rock units, notwithstanding the
contrary view expressed by a few workers (see below).

The most frequently dated rocks in the Precambrian
{c.3700 — ¢.370 Ma) are in the first place of igneous origin.
and comprise basement gneisses (orthogneisses), major and
minor plutons of diverse chemical compositions. and volcanic
rocks within supracrustal associations. including greenstone
belts. Problems of interpretation may arise in determining
exactly what type of geological event is being dated. parti-
cularly in the case of major orthogneiss units. Here the
question frequentiy arises whether measured whole-rock
isochron dates (Rb-Sr. Sm-Nd, Pb/Pb) refer to the time of
magmatism or of regional metamorphism, where these are
resoivable. When the principal rock units from a high-grade
terrain vield broadly concordant whole-rock isochron dates
from different decay schemes, together with mantle-type
initial Sr. Nd and Pb isotopic compositions. the time interval
between (1) primary extraction of magmatic precursors of
orthogneisses from a mantle-type source region, on the one
hand., and (2) intracrustal magmatic, geochemical and
metamorphic differentiation to produce stabilized continental
crust and late granitic plutonism. on the other hand, may
take place within a comparatively short time span not
usually exceeding 200-300 Ma, and sometimes much less

I0

(Moorbath 1975a, 1975b. 1977; Wells 1981). Individual
cratons yield convincing age and isotopic evidence for the
episodic occurrence of such ‘crustal accretion-differentiation
superevents’ {CADS). Thus, De Laeter ef af. (1981) write,
‘Probably the most striking geochronological characteristic of
either of the Western Australian Archaecan blocks is the
vastness of the area of the Yilgarn Block over which the
isotope  evidence points to ‘a  penccontemporancous
generation of sial over a relatively short interval” With the
accumulation of more geochronological evidence from
different continents, it is becoming evident that CADS are
not contemporancous on a global scale. For example, the two
earliest CADS in different sectors of the North Atlantic
craton at ¢.3700 — 3500 and <3000 — 260{ Ma are not
matched by what could be the earliest CADS on the Indian
sub-continent at ¢ 3350 — 3000 Ma (Beckinsale er al. 1980;
Moorbath & Taylor 1981). Nevertheless. most workers agree
that the late Archaean {¢.3000 — 2500 Ma) witnessed the
most rapid and voluminous production of mantle-derived,
juvenile continental crust during carth history. Estimates of
the relative mass of the present-day continental crust in
existence by ¢.25000 Ma apo vary between ¢.50 and 83%
{Veizer 1976; Jacobsen & Wasserburg 1979; O'Nions ef al.
1979a; De Paolo 1980; Dewey & Windley 1981, McLennan &
Taylor 1982).

Whilst debate continues on the genetic relationships,
if any, between Precambrian and Phanerozoic tectonic
environments, it is clear that major tectonic activity is at
present largely confined to constructive and destructive plate
margins, leaving large arcas of continental crust tectonically
undisturbed, although the loci of tectonic activity may well
change in future to reactivate currently stable shield rocks. In
Phanerozoic terrains, it is relatively straightforward to resolve
detailed geological and geochronological retationships in the
vicinity of destructive plate margins, where juvenile calc-
alkaline crust has been, and is still being, added to older
continental crust (e.g. Circum-Pacific belt). Such juvenile
crust is generated by partial melting processes within upper
mantle and/or subducted oceantc crust, and by subscquent
magmatic fractionation processes. Even allowing for the
effects of mantle heterogencity, involvement of sea-water-
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altered oceanic crust, crustal contamination etc., the
radiogenic isotopic relationships in magmatic rocks at sites of
continental growth tend to be far less complex than in
collisional orogenic belts where magma genesis by crustal
melting may greatly predominate over mantle-derived
magmatism and where rock units of widely different ages
have suffered a complex metamorphic history. In Pre-
cambrian shield areas, sites of exceptional geochemical and
isotopic complexity occur in areas where two or more CADS
are superposed. Such areas contrast sharply with the simpler
age and isotope relationships observed over the greater part
of many ancient cratons formed during a single, major
CADS. New interpretative methods dcveloped by several
workers to deal with areas of cratonic overlap have provided
a means of characterizing the separate events, and of
determining the extent of crustal interaction between the
rocks formed during ecach event, particularly as regards
Magmad genesis.

It is, in principle. possible to determine the timing and
magmatic evolution in a single CADS from the com-
mencement of mantle-derived magmatism which produced
the precursors of calc-alkaline tonalitic-to-granodioritic
orthogneisses, through to the terminal magmatic episode,
frequently characterized by normal granites whose isotopic
characteristics {both radiogenic and stable} suggest derivation
by crustal anatexis following prolonged intracrustal dif-
ferentiation. In line with the thermal and structural models
for crustal accretion and thickening of Wells (1979, 1981}, the
progressive change from mantle-derived to crust-derived
magmatism during a CADS is entirely to be expected.

In the following somewhat selective review of recent {until
1982) work on the geochronology of Precambrian rocks,
particular attention is given to the question of concordance
and discordance of measured ages, as well as to the geological
interpretation of ages and initial isotopic compositions. Later
on, recent (until 1982) work on the relatively neglected topic
of isotopic dating of Precambrian sedimentary and meta-
sedimentary rocks is reviewed, a subject of particular
relevance to stratigraphers and palaeontologists, as well as
organic geochemists and ‘molecular palaeontologists’
concerned with the origin and nature of the earliest life
forms. Some early Precamhrian sediments are more richly
endowed with biogenic markers, and primitive fossils, than
was supposed until very recently.

No descriptions are given here of isotopic age methods. or
associated methodolegy. Rb-Sr, U-Pb, Pb/Pb, K-Ar methods
are adequately described by Faure ([977). whilst the Sm-Nd
method is treated by O'Nions et al. {1979b) and De Paolo
(1981a), and the recently developed Lu-Hf method by
Patchett & Tatsumoto (1980). All ages quoted in this paper
have been calculated. or recalculated, with the following
decay constants:

AU = 1,55125 x 10711,
ARb = 1.42 x 107"a™",
ALy = 1.96 x 107 Mat
Wherever possible. errors on guoted ages arc given at the
20 level.

AU = 98485 x 107 at,
AMSm = 6.54 x 10737,

Precision of Precambrian age measurements

For the majority of published Rb-Sr and Pb/Pb whole-rock
isochrons on Precambrian orthogneiss units, the scatter of
data points about the computed best-fit regression line

exceeds the analytical error of the individual measurements,
The quoted errors on the age are therefore customarily
enhanced to take into account this ‘geological scatter’, which
may reflect: {1} inhomogeneity of initial Sr or Pb isotopic
compositions; {2} localized, partial Sr or Pb isotopic
rehomogenization at one or more later times; (3) open-
system behaviour resulting in loss or gain of Rb, Sr. U or Pb
at the scale of the analysed whole-rock samples.

The statistical analysis and interpretation of imperfectly-
fitted Rb-Sr whole-rock isochrons {or ‘errorchrons’} from
polymetamorphic terrains has been treated by Cameron ef al.
(1981) in the light of the various geological possibilities listed
above. Allowing for the geological and analytical uncer-
tainties, many Rb-5r and Pb/Pb whole-rock isochron ages are
quoted with errors of = 1.5 to 5%, or = 45 to + 150 Ma for
3000 Ma-old rocks. Thus the overall error on an Archaean
age result may cover a time-span which is comparable with
the duration of an entire CADS. Even so, the age and
isotope data obtained from an errorchron may be perfectly
adequate for constraining the timing of a CADS. and the
crustal residence time of the protoliths {(Moorbath 1975a,
1975b).

Well-fitted, or near-perfect, Rb-Sr and Pb/Pb whole-rock
isochrons are commonly obtained in Precambrian (and
Phanerozoic) terrains on posi-tectonic granitic intrusives
which have suffered little or no subsequent tectonism with
consequent isotopic disturbance. In such cases, the error on
the age is frequently minimized by a large spread of Rb/Sr
and U/Pb ratios in individual intrusives. Two examples,
recently measured in the authors’ laboratory, are (1} the
Qérqut granite of West Greenland, with a Rb-Sr age of
2530 * 30 Ma (Moorbath et ai. 1981) and (2} the Chitradurga
granite of southern India, with a Pb/Pb age of 2605 + 18 Ma
(Oxford unpublished data). Other examples of this type are
frequently reported in the literature.

Concerning the choice of appropriate dating methods in
Precambrian terrains, we note the following three points:

1. Very few Sm-Nd whole-rock isochron ages have so far
been reported for orthogneisses. Only by selecting orthog-
neiss samples covering a very broad range of bulk com-
positions is it possible to obtain an adequate spread of Sm/Nd
ratios to define a precise isochron age result. Thus rock types
of questionable consanguinity might be wrongly associated on
the same isochron diagram. The precision of Sm-Nd whole-
rock isochron ages on orthogneiss units appears to be
comparable with that obtained from the other whole-rock
isochron dating methods. Some recent interpretations of Sm-
Nd whole-rock and mineral data suggest that open-system
behaviour during subsequent metamorphism and/or slow
cooling could be more common than was originally surmised
(e.g. De Paolo er al. 1982; Humphries & CIliff 1982}. The Sm-
Nd whole-rock method, however, seems particularly well
suited to mafic volcanic suites from Precambrian greenstone
belt assemblages, as will be described later. The spread of
Sm/Nd ratios in such rocks is adequate for precise age
determinations, whilst the rare-earth elements (REE)} have
been shown to be less susceptible to post-depositional
chemical mobility than Rb, Sr, U and Pb (Hamilton ef af.
1977; O'Nions er al. 1979b};

2. The two decay schemes ***U — 2""Pb and *U — #*Pb
are usually combined in the form of plots of *"Pb/*™Pb
versus “"Ph/2%Pb (for treatment of Pb isotope systematics,
see Faure 1977). The reason for this is not only to obviate the
necessity for measurement of U and Pb concentrations, but
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also because there is good evidence for geologically recent
loss of U in many surface outcrops of common silicate rocks,
presumably through the medium of percolating ground
waters. Recent U-loss will seriously affect U-Pb systematics,
as is evident from conventional isochron plots of **U/*Pb
versus 2%Pb/2%*Ph, and Z¥UAYMPD versus 27 Pb/A™Pb, but will
have no detectable influence on Pb/Pb systematics (e.g.
Rosholt er al. 1973; Moorbath er al. 1975);

3. The highly promising Lu-Hf method has begun to be
applied to ancient rocks with very promising results (Patchett
& Tatsumoto 1980; Patchett ef al. 1981; Pettingill & Patchett
1981).

For recent advances in high-precision dating of Pre-
cambrian rocks. we must look to the U-Pb dating of accessory
zircons. In favourable cases. Archaean rocks can be dated to
a precision of one or two million years. This 1s particularly
applicable to the dating of volcanic rocks in low-grade
metasupracrustal assemblages. Thus Nunes & Thurston
(1980) reported zircon U-Pb data from threec metavoleanic
units in the Uchi-Confederation Lake greenstone belt of
north-western Ontario which gave ages of 2938.6 + 1.7 Ma,
~ 2794 Ma, and 2738 = 3 Ma. An intrusive monzonite
pluton within the greenstone belt also gave a very precise age
of 2729.6 = 1.3 Ma. The original paper should be referred to
for details of the geological interpretation. More recently,
Krogh & Turek (1982) have reported a zircon U-Pb date of
2713.2 + 7§ Ma from a volcanic unit in the Gamitagama
greenstone belt of the south Superior Province of Ontario,
with two post-orogenic intrusions in ghe same belt dated
separately at 2667.8 £ 3 Ma and 2668.3 + 33 Ma. Similar
precise zircon U-Pb ages have been reported from the
Wabigoon Subprovince of north-west Ontario by Davis et al.
(1982). Yet another example is provided by the Sudbury
Nickel Irruptive of Ontario, which yields two independent
zircon U-Pb ages of 1849.6 + I Ma and 1849.4 + i Ma.
contrasting sharply with previous whole-rock Rb-Sr deter-
minations which gave ages between 1700 and 2000 Ma, with
individual errors of about + 100 Ma (Krogh er al. 1982).
Slightly less precise. but still quite impressive, is a zircon
U-Pb age of 3769 + }' Ma reported by Michard-Vitrac et af.
{1977) on a mectarhyolite in the oldest known velcano-
sedimentary sequence on carth. namely the lsua supracrustal
succession of West Greenland.

Whether or not zircons extracted from deep-seated plutonic
rocks, including basement gneisses, could vield equally
precise U-Pb ages remains 1o be seen. It is also questionable
just how useful such preeise ages would be, since it is not vet
known exactly what stage or event in an extended magmatic
and/or metamorphic evolutionary history a measured zircon
age would actually represent.

Concordant and discordant dates

The majority of published Precambrian whole-rock ages have
been determined by the Rb-Sr method. However. in recent
years. the Pb/Pb method has been more widely used.
enabling a4 comparison to be made between the two methods.
In many cascs. there is agreement within the crror of the
measured isochron or crrorchron ages. In addition. com-
paratively precise zircon U-Pb ages may also be available for
the same rocks. Several age-concordant rock units are
summarized in the first part of Table 1. Two of the oldest
known rock units on earth, namely the [sua supracrustals and

the succeeding Amitsoq gneisses of West Greenland, each
yield satisfying agreement of whole-rock and zircon ages by
the different age methods (Tables 2 and 3). although Rb-Sr
and K-Ar measurements on separated minerals from botb
rock units exhibit complex age patterns resulting from late
Archaean {¢.2900 — 2600 Ma) and mid-Proterozoic {c¢. 1800 —
1600 Ma) thermal events which caused open-system
behaviour of micas and amphiboles to diffusion of radiogenic
isotopes {Pankhurst er af. 1973, Baadsgaard ef af. 1976). This
late open-system behaviour is also reflected in the scatter of
whole-rock data points about best-fit regression lines signi-
ficantly exceeding analytical error, leading to ecrrorchrons
rather than isochrons {Cameron et /. 1981)

The close agreement between the respective ages for the
Isua supracrustals and Amitsoq gneisses represents the
earliest known example of the characteristically tight
grouping of measured ages from orthogneiss terrains and
associated volcano-sedimentary associations of greenstone
belt type. such as is more frequently reported from late
Archaean shield areas on several continents (Condie 1981}
Such gneisses and associated stratigraphically otder or
younger supracrustals thus form part of the same major
CADS, extending over a total period of about 100300 Ma,
although in a few cases supracrustal rocks are known to
overlie much older basement gneisses formed in a previous
CADS, as for example in parts of Zimbabwe (Wilson et al.
1978). The geological nature of the basement to a particular
greenstone belt assemblage may be controversial, but there s
little doubt that greenstone belts may be deposited on crust of
either continental or non-continental affinity {Lowe 1982}
Initial Sr, Nd and Pb isotopic compositions of the oldest West
Greenland rocks, and of many later associations of gneisses
and supracrustals in different shield areas., limit crustal
restdence to only about 100-200 Ma prior to measured
isochron ages. In contrast, where significant volumes of
ancient continental crust became involved in much later
juvenile crust formations, as for example in the God-

TasLE 1. Some concordant and discordant whole-rock
Rb-Sr and Pb/Pb isochron ages

Rock type Rb-5r Pb/Pb Reference
and locality Ma Ma
Concordant
Orthogneiss, 2840 = 70 2820 £ 70 Taylor e al.
Fiskenaesset, {1980}

W. Greenland

Q6rqut granite, 2530 & 30 2580 £ 80 Mocrbath & Taylor

W. Greenland (1981}
Orthogneiss. 2705 + 80 2675 + 40 Hawkesworth er al.
Gwenoro, {1975}): Oxford
Zimbabwe unpubl. data.

Discordant
Orthogneiss, 2750 £ 40 3000 £ 90 Tavior et al.
Sermilik. {1980}

W. Greenland

Qrthogneiss. 2750 + 60 2960 + 50 Beckinsale ¢ af.
Fadugu, {1981
Sierra Leone

Orthogneiss. 2745 & 100 2980 = 130 Moorbath e af.
Rhodesdale, (1977b}; Oxford
Zimbabwe unpubl. data.
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TaBLE 2. Summary of ages for Isua supracrustals, West Greenland.

Rock-type Method Age, Ma Reference
Banded iron-formation WR, Pb/Pb 3710 = 60 Moorbath er gi. {1973}
Metarhyolite WR, Pb/Pb 3670 = 100 Oxford unpubl. data
Metapelite WR., Pb/Pb 3700 = 100 Oxford unpubl. data
Galena Pb/Pb model age -~ 3740 Appel et al. {1978)
Quartzite Zircon, U-Pb 3670 Baadsgaard {1976)
Metarhyolite Zircon, U-Pb 3770 Baadsgaard (1976);

3769131 Michard-Vitrac er al.
(1978)
Metarhyolite WR. Rb-5r 3650 = 60 Moorbath er af. (1977a)
conglomerate &
matrix. metapelite
Metarhyolite WR, Rb-Sr 36%) £ 50 Oxtord unpubl. data
Metarhyolite. WR. Sm-Nd 3770+ 40 Hamilton et af. (1978)
conglomerate,
garbenschiefer

TaBLE 3. Summary of ages for Amitsoq gneiss, West Greenland

Metamorphic Method Age. Ma Reference
Facies
Ampbibolite WR, Rb-Sr 3640 + 30 {mean) Moorbath er af. (1972 1975; 1977a)
Granulite WR, Rb-5r 3560 + 140 Griffin et al. (1980)
Amphibolite WR, Pb/Ph 3700 £ 50 {mean) Moorbath ef ul. (1975);
Baadsgaard er al. (1976):
Oxford unpubl. data
Granulite WR. Pb/Pb 3625 + 130 Griffin er al. {1980)
Amphibolite Zircon, U-Pb 3600 + 50 Baardsgaard {1973);
Baardsgaard et al. (1976).
Amphibolite ~ WR & Zircon. 3550 + 220 Pettingilt & Patcbett {1981).

Lu-Hf

thaabsfjord repion of West Greenland {Tavlor er al. 1980},
the initial 1sotopic ratios unambiguously record the presence
and participation of the older crust.

We now consider cases where there is a significant age
discrepancy between different decay schemes when applied to
a given rock umit, even to the identical suite of samples. In
the majority of cases so far reported. the whole-rock Rb-Sr
isochron or errorchron age is significantly lower than the
whole-rock Pb/Pb isochron or errorchron age by as much as
several hundreds of millions of years. Several examples are
quoted in ke second part of Table 1. Where zircon U-Pb
analyses are also available, the relatively precise ages tend to
agree more closely with the Pb/Pb age. suggesting that this is
closer to the age of primary rock formation. Possible expla-
nations for the age discordance are that (1) whole-rock Rb-Sr
systematics are more easily resct by tater metamorphic and/or
metasomatic events, or, {2} during slow cooling in the course
of a single CADS, large-scale homogeneity of Sr isotopes can
be maintained by diffusion in a rock unit over a period
represented by the age discordance. or. closcly related to
this, (3) diffusive loss of radicgenic Sr from whole-rock
samples can proceed to lower temperatures than diffusive loss
of radiogenic Pb. or. (4} combinations of (I} to {3).

We favour possibility (3) for those cases where the age

discordance is not more than about 200-300 Ma, and we
invoke the well-established concept of different minerals in a
gneiss complex reaching their  characteristic  blocking
temperatures for radiogenic isotope diffusion at different
times during very slow cooling. Cale-alkaline orthogneisses
typically contain plagioclase and biotite. plus variable
amounts of potash feldspar. Of these minerals. biotite usuaily
has the highest Rb/Sr ratio. and may contain a significant
proportion of the sites in which radiogenic *'Sr is generated
within a reck. Furthermore, biotite probably has a lower
blocking temperature for Sr diffusion than plagioclase or
potash feldspar, although there is not much relevant data on
this particular problem (Dodson 1979). This hypothesis is
based solely on observed. discordant Rb-8r mineral age
patterns in feldspars and micas in thermally overprinted
granitoid rocks and pegmatites (e.g. Giletti er al, 1961;
Francis ef al. 1971). During slow cooling of a gneiss complex,
feldspars may thus become closed systems to Sr diffusion tong
before biotite. and during this interval feldspars cannot act as
aeceptors for St which is diffusing out of biotites. This Sr may
therefore be lost from hand-specimen sized domains, and
may even leave the rock unit altogether, effectively assisted
by the transporting action of intergranular fluids, Throughout
this cooling history. the feldspars and the U-rich accessory
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minerals, which are the respective principal repositories of
common and radiogenic Pb. presumably remain closed to
diffusion of Pb. As a result. whole-rock Pb/Pb isochron/
errorchron ages may significantly exceed whole-rock Rb-Sr
isochron/errorchron ages, but may still fall within the overall
age range of a single, major CADS. On this hypothesis,
concordance of whole-rock Pb/Pb and Rb-Sr ages for a rock
unit might signify a cooling interval not exceeding tbe errors
of the age measurements.

The situation outlined above probably differs funda-
mentally from those well-documented cases where complex
metamorphic and/or metasomatic events. recognizable from
field observations. and significantly post-dating the primary
rock formation age, have disturbed whole-rock Rb-Sr
systematics to an extent which sometimes approuaches total
resetting with associated Sr-isotope homogenization. but
more often yields errorchrons with intermediate “age’ values
of no particular geological significance. or simply a meaning-
less scatter of data points which fali somewhere between
limiting reference lines for the ages of primary rock formation
and subsequent non-isochemical reconstitution. Precambrian
examples of this type have been reported from southern
Norway by Field & Raheim (1979. 1980, 1981). from eastern
Australia by Black et af. {1979}, and from western Australia
by Nieuwland & Compston (1981). In the last case it is clear
that post-emplacement metamorphism at ¢.2500) Ma produced
variable loss of *Sr from whole-rock samples of 3200 Ma—
old orthogneisses.

To demonstrate the perversity of nature. nowever, we note
that in other cases repional metamorphism and associated
deformation have not reset or significantly disturbed whaole-
rock Rb-Sr systematics {e.g. Jacobsen & Heier 1978; Welin &
Kahr 1980). The work of Skjernaa & Pedersen {1982) on
several Proterozoic granitoid complexes of south-eastern
Norway clearly demonstrates that rock units with different
whole-rock Rb-Sr apges have been subjected to common
deformational and metamorphic (up t¢ amphibolite facies)
episodes. In addition. rocks from one continuous complex
gave the same whole-rock Rb-Sr ages both north and south of
a major metamorphic and deformational front. Skjernaa &
Pedersen (1982) echo the view of Moorbath (1975b) when
thev state that “well-defined whole-rock Rb-Sr isochrons from
metaplutonic rocks should not. without the greatest cure. be
interpreted as defining metamorphic ages (resetting ages)
{see also Field & Raheim. op.cit.).

As pointed out earlier, the time interval between initial
generation of sialic material from the mantle and cventual
stabilization of continental crust. during which important
geochemical changes occur (e.g. marked depletion of the
heat-producing elements K. Rb, U, Th and other large-ion
lithophile trace elements in granulite facies rocks). can often
be broadly constrained by Rb-Sr and U-Pb (and Pb/Pb}
techniques. Recently, Hamilton ef al. {(197%a} have appiied
the Sm-Nd method to the Lewisian gneiss complex of north-
west Scotland and propose that the application of all three
techniques may produce more satisfactory resolution of the
timing and duration of a given crust-forming event. They
report a whole-rock Sm-Nd isochron age of 2920 + 50 Ma for
a suite of eleven pranulite-and amphibolite-facies gneiss
samples from two groups of localities respectively in the
Scourian and Laxfordian sectors of the Lewisian complex.
This age is some 250 Ma {actually 240 x 90 Ma} older than
the mean of a selection of whoele-rock Rb-Sr. Pb/Pb and
zircon U-Pb ages from other parts of the Lewisian complex,

including some areas which suffered quite severe Laxfordian
metamorphism and migmatization in  mid-Proterozoic
(c.1900 — 1700 Ma) times. Hamilton er al. (19792} conclude
from their Sm-Nd isotope data that the igneous calc-alkaline
precursors separated from previously undifferentiated mantle
at 2920 + 50 Ma ago. Since U and Pb, as well as Rb and Sr,
are respectively much more easily fractionated by crustal
processes than Sm and Nd, Hamilton ef al. (1979a) interpret
published Rb-Sr, U-Pb and Pb/Pb ages in the range ¢.2850 —
2600 Ma as representing the times of final differentiation and
stabilization of the Lewisian complex as granulite- and
amphibolite-facies crust. Whilst the overall interpretation of
Hamilton er al. (1979a) may be perfectly valid — in which
case it is of the greatest signifcance — it could be criticized on
the grounds that Sm-Nd analyses were not carried out on the
same samples or individual rock units as those dated by tbe
other decay schemes. Without the evidence of discrepancy
between Sm-Nd, Rb-Sr and Pb/Pb dates on the same
samples it is not possible to resolve whetber the differen-
tiation/stabilization time of ¢.250 Ma proposed by Hamilton
et al. {19794} actually applies to the Lewisian Complex as a
whole. or whether extraction of the igneous precursors of the
Lewisian orthogneisses from a mantle-type source region
extended over a total period of ¢.250 Ma, with differentiation/
stabilization occurring geochronologically ‘instantaneously” in
each sector. Such fundamental problems can only be solved
by the combined application of all relevant decay schemes to
several rock suites from a given basement complex.

An interesting example of apparent major age discordance
between whole-rock Rb-Sr, Sm-Nd and Pb/Pb isocbron ages
is provided by ancient gncisses occurring as remnants within
the Singhbhum granite batholith of castern India. The
published Rb-Sr age (Sarkar ef af. 1979} is approximately
3100 Ma, whilst the present authors have obtained an Rb-5r
age of 3280 * 260 Ma. with an initial *'St/*Sr ratio of
£.701 £ 0.001, and a Pb/Pb age of 3317 + 25 Ma, on samples
of gneisses kindly supplied by 5. N. Sarkar and A. K. Saha.
The high error on the Rb-Sr age results from the restricted
spread of Rb/Sr ratios in the suite of samples. Basu et al,
{1981} have reported a whole-rock Sm-Nd isochron age of
3775 + 89 Ma for these and closely refated samples, with an
initial "*Nd/"'Nd ratio of 0.50798 * 0.00007. which is
significantly higher {eyy = +3.3 £ 0.9 at 3775 Ma} than the
value for a mantle source with a chondritic evolution curve of
1Nd/"'Nd (based on several mantle-derived rock units
reported by O'Nions et al. 1979b). Basu er al. (1981} interpret
the measured Sm-Nd date as the true age of the eastern India
gneisses, and conclude from the initial '**Nd/'**Nd ratio that
parts of the earth’s mantle were already differentiated with
respect to the chondritic Sm/Nd ratic at about 3800 Ma ago.

However, there are serious problems with the inter-
pretation by Basu et af. (1981} of their Sm-Nd array as a true
isochron. The regression line 1s based on two widely
separated clusters of points {the upper cluster only com-
prising two points). Calculated Sm-Nd model ages for the
low and high cluster of points, using the Sm-Nd model
parameters of Jacobsen & Wasserburg {1980). group closely
around 3400 and 3100 Ma respectively. Thus the two clusters
probably do not belong to a homogeneous, cogenctic sample
suite, and the regression line which joins the two clusters is
more likely a spurious tie-line which yields a fictitious age and
initial '"“Nd/"**Nd ratio. The measured whole-rock Pb/Pb
date of 3317 * 25 Ma is probably close to the true age of
these gneisses. The Pb/Pb age agrecs well with a whole-
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rock Rb-Sr age of 3358 * 66 Ma (initial ¥Sr/*Sr =
0.7000 £ 0.0004) for a suite of samples from the Peninsular
Gneisses of the South India craton {Beckinsale ef al. 1980).
This may represent the age of a major, and perhaps the
earliest, CADS to form the nucleus of the Indian sub-
continent.

Problems in the interpretation of Pb/Pb linear
arrays

Many major Precambrian orthogneiss terrains yield whole-
rock Pb/Pb isochrons or errorchrons dating some stage
{probably an carly stage} of a CADS. Frequently, Pb/Pb
isotope systematics indicate derivation of the magmatic
precursors from source regions with a very restricted overall
range of Z*UFA™Pb ratios, approximating to single-stage Pb
isotopic evolution of the mantle from the time of formation of
the earth to the measured isochron age {Moorbath & Taylor
1981). Calculated “*U/™Pb (u,) values for the source of the
parent magmas of many Archaean orthogneisses fall in the
approximate range 7.5—8.0 {Moorbath & Taylor 1981},
using the Pb isotopic model parameters of Oversby (1974).
Orthogneisses with parental u; values within this range are
regarded as having been derived from magmatic precursors
originating in the upper mantle.

The Pb/Pb system is extremely sensitive to a variety of
crustal processes (see Moorhath & Taylor 19811 which makes
it a particularly useful tracer for some aspects of continental
evolution. For example. granites derived hv partial melting of
ancient, U-depleted. sialic crust may vield whole-rock Pb/Pb
isochrons with anomalousty low, apparent u,-values, showing
that a conventional single-stape Pb isotopic evolutionary
model is inappropriate, Thus the Qdrqut granite complex of
West Greenland vyields a whole-rock Pb/Pb isocbron age of
2580 £ B0 Ma. in close agreement with a whole-rock Rb-Sr
isochron age of 2330 * 30 Ma (initial ¥'S1i/%8r =
0.7081 = 0.0008), but with an apparent u,-value of 6.2. These
data have been interpreted as indicating derivation of Qdrqut
granite magma by partial melting of a mixture of approxi-
mately equal proportions of ¢.365(} Ma-old Amitsoq gneisses
and ¢.2900 Ma-old Nik gneisses (Moorbath ¢f af. 1981}
This 15 stronglv supported by Sm-Nd model ages in the
range 3300—3100 Ma for the Qbrqut granite {(Oxford un-
published data).

The early Archaean Amitsog gneisses and most late
Archiaean othogneisses in West Greenland have relatively
simple Pb/Pb isotope svstematics, indicating derivation of
their respective magmatic precursors from mantle type source
regions not long before the measured whole-rock Pb/Pb {(and
Rb-Sr} isochron ages. However. in the area of spatial overlap
between the two terrains in the Godthaabsfjord region. the
Pb/Pb isotope systematics in the vounger Nk gneisses are
complex. because the ¢.2900 Mu-old Nik magmas became
variably contaminated with much older, very unradiogenic,
crustal Amitsog-gneiss-type  Ph. However, the resulting
mixing telationships enable the proportions of Amitsog-tvpe
Pb and primary Nuk-tvpe Pb within any given Nuk gneiss
sample to be determined (Taylor er wf. 1980). This type of Pb
isotope evidence for crust-magma interaction provides a
powertul tool for the detection. subsurface ‘mapping’ as well
as geochronological and geochemical characterization of
deep. ancient continental crust.

A classic example of a linear mixing relationship between

Pb isotopes from rock units of very different ages is provided
by Lower Tertiary (c.55—6( Ma) volcanic and intrusive basic
and actd rocks of the Isle of Skye. north-west Scotland. This
area is known to be underlain by the late Archaean Lewisian
Gneiss complex, which outcrops on the nearby Scottish
mainland. Pb isotope analyses for Skye igneous rocks form a
linear array on a *’Pb/*™Pb versus "*Pb/*™Pb diagram with
an errorchron age of 2920 = 70 Ma (Dickin 1981}, actually
interpreted as a. mixing line between ¢.2900 Ma-old
crustal Pb and ¢.60 Ma-old mantie-derived Pb {Moorbath &
Welke 1969; Dickin 1981). Interpretation of the Pb/Pb linear
array as a conventional Pb/Pb isochron would in this case lead
to the conclusion that the Skye igneous rocks were ¢.290 Ma
old, which is totally contravened by all geological and
conventional geochronological evidence! The fact that the
Lower Tertiary igneous rocks may contain anywhere between
0 and ¢.90% of Lewisian-type Pb has given rise to many
fundamental speculations about the mechanisms of crust-
magma interaction, and its effect on the geochemistry and
petrogenesis of igneous rocks in different tectonic environ-
ments (Dickin 1981; Thompson et al. 1982).

A further situation in which whole-rock Pb/Pb isotopic
age data must be treated with great caution is now dis-
cussed. Spurious ages may be obtained when high-grade
metamorphism affects a rock unit long after its primary for-
mation, i.e. when crustal accretion and final metamorphic/
geochemical differentiation and stabilization do no¢ form part
of the same CADS. Taylor (1975) published a whole-rock
Pb/Pb errorchron date of 3410 + 70 Ma for the migmatitic
Vikan gneisses of Langgy, Vesterdlen, North Norway and
concluded that this was the age of a primary rock-forming
event. Further data from the same and other decay schemes
{Griffin er al. 1978; Jacobsen & Wasserburg 1978; Taylor,
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Fic. 1. Pb isotopic evolution in the Vikan migmatitic gneisses,
North Norway. The plotted data points have been corrected to

1760 Ma ago and thus define the 1760 Ma palaeo-isochron. the slope
of which corresponds 1o an age of 2680 Ma. Assuming {wo stages for
Pb isotopic evolution up to 1760 Ma, a p, value of 7.85 is calculated
for the {irst stage. The broken line represents the actual array of
present-day isotopic compositions of the Vikan gneisses (Taylor
1975}, The slope of this line is indistinguishable from the slope of the
1760 Ma palaeo-isochron. The hroken line is a “transposed palaeo-
isochron’, resulting from small, fairly uniform increments in
2oph/20tpY and ™Ph/"*Pb ratios in all samples since the
establishment of very low and fairly uniform **U/**Pb ratios by
severe U depletion during high-grade metamorphisin at [76(} Ma ago
{Griffin er af. 1978: Jacobsen & Wausserburg 1978; Taylor.
unpuhlished data}.
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unpublished data) led to a major re-interpretation of the Pb
isotopic data. The high p,-value of 8.9 implied for the source
of the Vikan gneisses on the basis of a single-stage model
(compared with typical values of 7.5-8.0). as well as the
lack of any very unradiogenic Pb isotopic compositions, were
very unusual features compared with other Precambrian high-
grade gneiss terrains with available Pb/Pb data. The present-
day range of Pb isotopic compositions could not have resulted
from a single stage of Pb isotopic evolution from a uniform
initial Pb isotopic composition with the present small range of
low Z¥U/#*Pb ratios. In fact, the slope age of 3410 %= 70 Ma
reported by Taylor (1975) for the Vikan gneisses is now
regarded as spurious. It results from formation of the gneiss
protoliths from an upper mantte source region at ¢.2680 Ma
ago, followed by granulite facies metamorphism at ¢, 1760 Ma
age which caused severe U-depletion and consequent distur-
bance of U-Pb whole-rock systems. In other words. relatively
normal crustal U/Pb ratios between ¢.2680 and ¢. 1760 Ma ago
were reduced to such an extent at ¢.1760 Ma ago that
radiogenic Pb isotopic evolution almost — but not quite —
ceased within the granulite gneiss. This is illustrated in
Fig. 1. The present-day Pb-Pb array for the Vikan gneisses is
not a true secondary isochron originating via U/Pb fraction-
ation from a single-stage source region. but a ‘transposed
palaeoisochron’ (TPI), in which the present-day Pb isotope
data fall on a line slightly transposed from the isochron for Pb
isotopic compositions of 2680 Ma-old rocks which dgveloped
undisturbed untif 1760 Ma ago. Interpretation of the line
joining points 2680 Ma and (760 Ma on the single-stage
growth curve gives an anomalously old age if a conventional
two-stage evolution model (i.e. single-stage mantle derivation
followed by simple. one-stage crustal evolution) is assumed.
The transposition of the *palaeocisochron’ developed between
2680 and 1760 Ma results from radiogenic development of Pb
in a uniformly low U/Pb environment from 1760 Ma to the
present.

Cases of the Vikan-type may be quite eommon. The
Hebron gneisses of Labrador have yielded a whote-rock Rb-
Sr isochron age of ¢.3500 Ma (Barton 1975), similar to the
Uivak gneisses of Saglek Bay, Labrador (Hurst er af. 1975).

Zircon U-Pb and whole-rock Rb-Sr data for this region
indicate metamorphism and crustal reworking at 2800—
2500 Ma (Baadsgaard er al. 1978; Collerson et af. 1982).
Whole-rock Pb/Pb data on Hebron gneiss (P. N. Taylor,
unpublished data} yield a spurious apparent ‘age’ of
¢.4450 Ma, almost equal to the accepted age of the earth, and
an apparent u, value of 32 (Fig. 2). Clearly, this could be
subject to gross misinterpretation. In the absence of U and
Pb concentration data, this case cannot be positively
identified as a TPI, but the most plausible interpretation
is that the Hebron Pb/Pb linear array results from
late Archaean (c.2500 Ma) U-depletion of early Archaean
(¢.3600 Ma) protoliths.

Rb-Sr isotope systematics may be similarly affected, so that
in any sector of continental crust which becomes severely
depleted in Rb relative to Sr during a much later granulite-
facies metamorphism, growth of radiogenic *'Sr virtually
ceases. This can Jlead to linear arrays on Rb-Sr isochron
plots which yield anomalously old apparent ages. The
Rb-Sr errorchron of 2240 & [50 Ma (initial ¥Sr/*°Sr =
0.7126 + 0.0011) reported by Taylor (1975) for the Vikan
gneisses is now interpreted as a product of Rb-depletion
during granulite-facies metamorphism at ¢. 1760 Ma ago (see
above).

Thus the Vikan gneisses, and similar cases. provide clear
examples of pro-grade metamorphism and geochemical
activation involving U and Pb (and other elemental)
depletion of much older continental crust and. as such, are
isotopically as clearly characterized as the contrasted case of
crustal accretion with penecontemporanecus geochemical
differentiation during a single CADS. This is further
demonstrated by Sm-Nd, Rb-8r and U-Th-Pb isotopic studies
of granulite-facies rocks from Enderby Land, Antarctica (De
Paolo et af. 1982). Granulite-facies metamorphism ¢.2500 Ma
ago produced mobility of Rb, U, Sm and Nd. together with
severe depletion in Rb and U, in crustal rocks which vyield u
wide range of Sm-Nd, U-Pb and Rb-Sr model ages suggesting
primary crust formation at ¢.3500 Ma. In this case the Sm-Nd
system preserves the most convincing evidence for the age of
the primary crust, aithough the authors are careful to point

Fig. 2. Plot of *7Ph/*"Pb vs. ¥*Ph/*"*Ph
for whole-rock samples of the Hebron
gneiss, Labrador. (Samples were kindly
provided by K. D. Collerson}.

Seven out of ten samples define a well-
fitted but spurious ‘isochron’ {filled circles,
line B} which yields an apparent age of 4450
%+ 50 Ma and an apparent p, value of 32.
The remaining three samples {(open circles)
do not fall on this line. The 3575 + 80 Ma
Pb/Ph isochron for selected Uivak gneisses
from Labrador (data from Baadsgaard et al.
{1979), and Oxford unpublished data} is
shown at the present day {crosses, line A}
and as developed up to 2530 Ma ago
{palaco-isochron, line C) which is the U-Th-
Pb age of sphene and zircon from a late
granite and other rocks in the area. The
Hebron gneiss linear array {line B} is sub-
paraliel to the calculated palaeo-isochron for
Uivak gneisses (line C), indicating that a late
Archaean U depletion (at ¢.2500 Ma) from
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early Archaean protoliths of broadly similar
age to the Uivak gneisses is a plausible
explanation of the Hebron gneiss Pb isotopic
data.



Precambrian geochronology and the geological record 17

out the unexpectedly high degree of mobility of Sm and Nd
during the later granulite-facies metamorphism.

Converse processes, in which ancient, high-grade sialic
crust, depleted in Rb, U and other incompatibte elements,
undergoes much later retrograde metamorphism accom-
panied by metasomatic introduction of magmatic or nomn-
magmatic fluids containing incompatible elements, will yictd
casily predictable isotopic effects. An example of this type
has been documented by Collerson ef al. (1982) in gneisses
from northern Labrador, where Rb-Sr and Ph/Pb age and
isotope studies show that ‘crustal reworking due to inter-
action of old crust (¢.3500 Ma} with aqueous fluids was
accompanied by introduction of granitic melts (¢.2800 Ma)
derived by melting of ancient deep crustal rocks or con-
tamination of juvenile granitic melts by ancient deep crustal
material.” The observed effects of crustal reworking on
isotopic systematics of the Labrador gneisses are different
from those predicted by Collerson & Fryer (1978) in an
unconventional model of massive mantle-crust metasomatism
and crustal transformation, as discussed below.

Eradication of radiogenic isotope evidence of the
crustal residence history of a rock unit — fact or
fantasy?

Powertul isotopic criteria now exist for the recognition of
juvenile, mantle-derived stalic crust, on the one hand, and of
reworked sialic crust, on the other band. The basic principle
is that partial melting and reworking of old continental crust
can give rise 10 a wide variety of initial Sr, Nd and Ph isotope
compositions in the resulting magmas and rocks, depending
upon the crustal level at which melting or reworking occurs.
Granulite-facies lower crust, characteristically with low
Rb/Sr, U/Pb and Sm/Nd ratios, with time produces low
(mantle-type) initial “"Sp/*°Sr, but unradiogenic Pb and
unradiogenic '*Nd/"**Nd compared to a contemporaneous
mantle-type source region; intermediate-level, amphibolite-
facies crust, characteristically with higher Rb/Sr, low U/Ph
and low Sm/Nd, would produce high initial *7Sr/™Sr,
unradiogenic Pb and unradiogenic initial '"“*Nd/'**Nd
compared to a contemporaneous mantle-type source region;
high-level crust, characteristically with high Rb/Sr, high U/Pb
and low Sm/Nd would produce radiogenic initial *"Sr/™Sr,
unradiogenic initial "**Nd/'**Nd, and Pb either similar to, or
more radiogenic than, mantle Pb. These are, of course, onty
three broadly defined regions in what really amounts to a
continuous spectrum of geochemical variations within the
crust, in which each of the parent/daughter ratios has its own
characteristic gradient within a given crustal sector. The most
important point to note is that all three combinations noted
above are different to the combined radiogenic isotope
characteristics of a contemporaneous mantle-iype source
region {i.e. low Rh/Sr, high U/Pb, high Sm/Nd, with cor-
responding isotope ratios), However, some combination of
crustal and mantle isotopic characteristics can also be
produced in mantle-derived magmas undergoing crustal
interaction and contamination, although diverse petrological,
chemical and other isotopic criteria may be applied to the
recognition of this phenomenon.

In contrast to conventional geochronological and isotopic
interpretations, a few workers have proposed that some
apparently well-dated rock units in early Precambrian
cratonic areas have crustal residence ages greatly in excess of

their measured isochron ages (c.g. Bridgwater & Collerson
1976; Collerson & Fryer 1978; Hart et al, 1981; Welke &
Nicolaysen 1981; Bridgwater et @/. 1981a). Initial Sr, Nd and
Pb isotopic compositions, as well as u;-values, may provide
support for such a proposal if the values of these parameters
differ significantly between the rock unit and contem-
poraneous mantle. However, some claims of an extended
crustal residence time for certain rock units have been made
without this type of supporting evidence, and these claims are
highly controversial.

Stated simply, the controversy hinges on whether or not
the isotope geochemistry of several parent-daughter systems
can be completely reset, and thus give the appearance of a
rock unit newly derived from a mantle source long after the
original time of rock formation and crustal accretion.

The quoted authors (see above} envisage that such
resetting results from some combination of the following
processes: (1) essentially complete expulsion of daughter
elements out of a rock either by high-grade metamorphism,
or by metasomatic 'Hushing’. (2} swamping of grown-in
radiogenic isotope characteristics hy influx of daughter
elements from a juvenile (e.g. mantle) source, (3) massive
influx of parent elements into the rock unit, (4} large-scale
isotopic rehomogenization of daughter elements, (5) large-
scale redistribution of parent elements within the rock unit.

Whilst individual parent-daughter systems might be
disturhed by one or more of these processes, it seems most
improbable that the Rb-Sr, Sm-Nd and U-Th-Ph systems
would all behave coherently. Consequently, there is little
likelihcod of obtaining concordant age results from different
decay schemes in rock units affected by such ‘resetting’
processes.

In view of the potentially far-reaching nature of the
controversy, two particutar cases from South Africa and West
Greenland will be discussed.

The Vredefort Dome, South Africa

Hart ez al. (1981) have recently reported voluminous Rb-Sr
and U-Th-Pb whole-rock isotopic data on four principal rock
units of the Vredefort Dome. They conclude that crustal
evolution of the Vredefort Dome commenced ¢.3800 Ma ago,
although the whole-rock isochron dates which they report
give no direct support for this conclusion.

The amphibolite-facies Quter Granite Gneiss {OGG} yields
near-concordant Rb-Sr, Th-Pb and Pb/Pb  whole-rock
isochron ages of 3000 + 30 Ma. 3060 *= 50 Ma and
3080 + 20 Ma respectively {note that lo errors are used here
in the discussion of the Vredefort data, following the practice
of Hart et al. 1981). The initial “'Sr/**Sr ratio of
0.7019 + 0.0002 for OGG is within the range of values typical
of late Archaean upper mantle. With the present average
¥’Rb/*Sr ratio of ~ 1.63 for OGG, no significant crustal
residence prior to ¢.3050 Ma is permitted. The p,-value of
7.74 for the source of OGG is also typical of late Archaean
mantle sources.

The only possible indication of an earlier crustal history for
OGG is provided by the unusually low initial 2*Pb/**Pb ratio
of 31.78 £ 0.14 derived from the Th-Pb isochron. However,
the excellent agreement between three independent dating
methods, as well as the implausibility of large-scale, regional
metamorphic rehomogenization of Sr and Pb isotopes
{Moorbath 1975b} are compelling arguments for rejecting the
proposal of Hart et al. (1981) for an extended crustal pre-
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history of some 750 Ma for OGG.

The Inlandsee Leucogranofels {ILG}, comprising granulite-
facies rocks in its central part, but transitional rocks from
amphibolite- to granulite-facies in its outer parts, has also
been investigated by Hart er af. {1981}). They interpret its
whole-rock Rb-Sr isochron date of 2830 + 30 Ma as the time
of metamorphic homogenization of Sr isotopes. The initial
8781/%8r ratio of 0.7044 + 0.0004 and the average Rb/Sr ratio
of 0.2 together permit a crustal residence time of up to
¢.550 Ma for the protoliths of ILG prior to 2830 Ma.

Division of the ILG U-Th-Pb data into two groups. namely
the ILG and the Steynskraal Metamorphic Zone {SMZ.) felsic
rocks is considered by Hart et af. (1981} to provide evidence
of an early Archaean age for at least those four samples
which plot together with data for SMZ metabasic enclaves on
a 3590 £ 60 Ma whole-rock Th-Ph isochron. However. seven
other ILG samples yield a whole-rock Th-Pb isochron date of
3070 + 110 Ma and an initial **Pb/™Pb ratio of 31.67 * 0.22,
in good agreement with the OGG Th-Pb study (Fig. 3(a)).

Welke & Nicolaysen {1981} have interpreted U-Pb isotope
data on selected ILG and SMZ rock samples as also pro-
viding evidence for early Archaean rock formation. Using an
ingenious but unconventional three-stage model for Pb
isotopic evolution, they conclude that the samples analysed
commenced their crustal residence at ¢.3860 Ma and then
suffered U-depletion at ¢.2760 Ma.

The validity of these interpretations may be questioned on
the following grounds:

1. Hart er al. (1981} state that the SMZ ‘includes rocks of
sedimentary and igneous origin. which are not necessarily
contemporaneous. but geological evidence clearly indicates
that they are all older than the Inlandsee Leucogranofels’.
The construction of an ‘isochron” from SMZ and ILG rocks
which are neither contemporaneous nor cogenetic hardly
seems justifiable. Such “isochron’ age results must be treated
with great caution.

2. Metamorphic homogenization of Sr isotopes is explicitly
proposed by Hart et al. (1981} in their interpretation of Rb-Sr
isochron results on ILG, whilst isotopic homogenization of St
and Pb on a regional scale is an implicit requirement for
explaining other isochron relationships in OGG, ILG and
SMZ Rb-Sr and U-Th-Ph svstems. However, isotopic
studies in many other high-grade metamorphic complexes
suggest that metamorphic processes are unabie to effect
regional rehomogenization of Sr and Pb isotopes {see. for
example, the case of the Vikan gneisses. described earlier).
Even within the Vredefort crust itself it is clear that SMZ-
mafic enclaves did not equilibrate with adjacent ILG host-
rock with respect to their Rb-Sr isotopic systems. Another
anomaly concerns the near-concordance of OGG isochron
results for amphibolite-facies rocks. compared with the
marked discordance of [LG and SMZ ‘isochron’ results on
granulite-facies rocks. It would be surprising if amphibolite-
facies metamorphism had produced more effective rehomo-
genization of Sr and Pb isotopes than granulite-facies
metamorphism.

3. Hart er af. {1981) appeal to major metasomatic influx
and/or redistribution of elements affecting the Rb-Sr and U-
Th-Pb isotopic svstems. Some of the proposed elemental
migrations, such as the ‘net movement of Sr towards the
lower regions of tbe crust™ in the OGG. appear to defv rather
well-established geochemical behaviour patterns of elements
during metamorphism. [n the debate on extended crustal
residence. ad hoc models of Rb metasomatism have by now

become commonplace. This mechanism is invoked where
measured initial ¥Sr/*Sr ratios and present-day Rb/Sr ratios
would not otherwise allow a lengthy crustal residence time
(e.g. Bridgwater & Collerson 1976; Collerson & Fryer 1978).
Hart er al. (1981) invoke Rb metasomatism to explain the
proposed crustal residence time of OGG between ¢.3860 and
3050 Ma. This hypothesis similarly requires metasomatic
addition and/or major redistribution of U and Th, both for
OGG and ILG. Observational evidence in support of the
postulated metasomatic effects 1s lacking. No discussion is
given regarding the nature of the source or the causes of the
proposed metasomatism. The case for metasomatism at
Vredefort rests on a circular argument, and this mechanism is
invoked solely because it is a necessary requirement for
erecting the hypothesis of extended crustal residence time,
followed by total eradication of all previous isotopic memory
and complete isotopic resetting. That Rb, U and Th meta-
somatism gy occur is not in dispute. Indeed, we have
ourselves proposed that late Archaean NGk magmas in West
Greenland were contaminated by fluids enriched in Rb, U
(probably Th) and Pb derived from rocks undergoing high-
grade metamorphism, up to granulite-facics, contem-
poraneous with the Nitk magmatic event (Taylor e a/. 1980).
However, observed isotopic patterns there in no way matech
those reported by Hart er al. (1981) for Vredetort.

We now propose a markedly different interpretation of the
Vredefort isotopic data, which takes into account our
criticisms, and which is based on well-established principles of
geochemical behaviour of the Rb-Sr and U-Th-Pb isotopic
systems.

Hart et al. (1981, p. 10667) showed that seven ILG samples
define a Th-Pb whole-rock isochron date of 3070 £ 110 Ma
and an initial **Pb/""Pb ratio of 31.67 + 0.22 (Fig. 3{a)).
Re-examination of ILG data in the U-Pb and Pb/Pb whole-
rock isochron diagrams (Figs. 3(b} and 3(c)) demonstrates
that six samples define a poorly-fitted U-Pb isochron giving a
date of 3015 £ 230 Ma, whilst seven samples define a well-
fitted Pb/Pb isochron with a date of 2980 + 45 Ma and a
i, value of 7.72 for the source of ILG. These LG isochron
results are in mutual agreement, and also agree well with
OGG isochron dates. Initial 2"Pb/”"*Pb ratios and p, values
for OGG and ILG are also in close agreement. In order to
achieve these results, a substantial proportion of [LG data
points have been excluded from the isochron htting pro-
cedures, namely four from the Th-Pb plot (Fig. 3{a}). seven
from the U-Pb plot (Fig. 3{b) )} and six from the Pb/Pb plot
(Fig. 3(c)). This is justified in the present case in view of the
geographical distribution of the samples in relation to the
variation of metamorphic grade through the Vredefort
Dome. Almost all aberrant data in all three diagrams
{Figs. 3(a}—(c)) are samples from the inner, highest-grade
{granulite-facies) core of the ILG outcrop. close to the
[950 = 60 Ma Central Intrusive Granite {CIG)}. Furthermore,
the aberrant data plot above and to the left of the Th-Pb.
U-Pb and Pb/Pb isochrons. reflecting retardation of radio-
genic Pb evolution by Th and/or U depletion significantly post-
dating commencement of isochron development. Aberrant
data in the Pb/Pb diagram indicate that in only one case can
U- depletion be attributed to very recent U- loss (e.g. by
ground water leaching). Al other aberrant samples show
clear isotopic evidence for earlicr U- depletion and have very
low *#U/™Pb ratios (< 1.5). However, the palaco-isochron
for 2980 Ma-old rocks at 1950 Ma (Fig. 3(c)) demonstrates
that nonc of the aberrant samples need bave suffered U-
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Fi6. 3. Whole-rock data plots for the Inlandsee Leucogranofels
(ILG) of the Vredefort Dome. Data are from Hart et al. {1981).
@ Circles represent samples from the outer, lower-grade part of the
207 1LG outcrop; crosses represent samples in the inner granulite-facies
_Pb_ area of ILG, close to the Central Intrusive Granite {C1G}). (a) Plot of
2 2 232
204pyp W EpLAApY v, BATHZMPh, Seven of the samples define an isochron

of 3070 + 110 Ma (1o error). The four data points falling above the
isochron are here interpreted as resulting from Th depletion
significantly later than ¢.3000 Ma. (b) Plot of **Pb/**Pb vs.
TR J24Ph. Six of the samples define an isochron of 2015 + 235 Ma
{1a error). Seven samples plot above the isochron indicating loss of
U significantly later than ¢.3000 Ma. Six of these aberrant samples,

o 2930:?2?2Ma all from the inner granulite facies area of the ILG, have **U/*"Ph
% LN < 1.5, (¢} Plot of ®Pb/A*Pb vs. *Pb/**Pb. Seven of the samples
".‘{x define an isochron of 2980 + 25 Ma (1o error}, with a ; value of
- 7.72. Data for six samples plot well above the isocbron, reflecting U
206pp204pp, depletion Signiﬁcantly later than ¢.3000) Ma, but [ong before the
L I \ L I T present. The palaeo-isochron for 2980 Ma as developed up to 1950
12 14 18 18 20 22 Ma demonstrates the possibility that partial U depletion of ILG

samples could be related to emplacement of the ¢.1950 Ma-old
CIG, particularly as no ILG data points plot above the palaeo-
isochron. Sample A also shows evidence of U ioss in the U-Pb
isochron diagram (Fig. 3(b} ), but plots on the present Pb/Pb plot,
demonstrating that U loss in this case was a recent event.
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depletion prior to 1950 Ma. The aberrant data points are
therefore interpreted as reflecting U- and Th- depletion
during high-grade metamorphism of ILG up to granulite
facies, which may be related temporally and spatially to the
emplacement of the 1950 + 60 Ma CLIG or to the so-called
Vredefort ‘catastrophe’ that formed the domal structure
about 2000 Ma ago and which is associated in space and time
with an extended period of high-temperature static meta-
morphism and a shock event causing high-intensity dynamic
metamorphism (Schreyer 1983).

The Rb-3r isochron date of 2830 + 30 Ma for ILG might
be significantly lower than the Rb-Sr date from OGG and
from U-Th-Pb dates on both OGG and ILG for one or more
of the following reasons:

1. Loss of radiogenic Sr during a protracted cooling history
after rock formation (see earlier discussion).

2. Loss of radiogenic Sr during a later metamorphic event.
3. Loss of Rb during high-grade metamorphism. especiaily
from samples with the lowest Rb/Sr ratios.

Possibility {3) is not favoured. Not all samples with low
Rb/Sr ratios are from the inner granulite-facies 1LG outcrop
in which the severest Rb-depletion might be expected.
Indeed. Rb concentrations in ILG do not indicate severe
metamorphic depletion of Rb.

Our ‘least-extravagance’ two-event interpretation of QGG
and ILG isotope data differs fundamentally from the model
of crustal evolution in the Vredefort Dome proposed by Hart
et al. (1981). which requires several geochemical events to
explain the isotopic characteristics of OGG and ILG. Several
of these events are essentially necessities in a model in which
early Archaean crust formation is an a priori assumption. The
contrasted hypotheses of early Archacan (Hart er al. 1981)
and late Archaean (this paper) crust formation at Vredefort
should provide a convenient test case for Sm-Nd model age
dating of crust-mantle separation (McCultoch & Wasserburg
1978; Hamilton er al. 1979a}. However, for the present. we
consider that the Vredefort sialic crust was generated from a
mantle-type source region at about 3100 Ma ago — ie. as
given by the concordant ages reported by Hart er af. (1981)
for QGG — and has no pre-history dating back to ¢, 3860 Ma.
We maintain that the case for cradication of radiogenic
isotopic evidence after a long crustal residence time proposed
for Vredefort by Hart er al. (1981) remains unproven.

Kangimut sangmissoq, Godthaabsfjord region, West
Greenland

At this Iocality. which is situated some 30 km east of the main
outcrop of reliably dated 365(! Ma-cld amphibolite-facies
Amitsoq gneiss {(Moorbath er af. 1972). there is a small area
of retrogressed (amphibolitized) granutite-facies gneisses.
By application of fleld criteria {(McGregor 1973) several
workers now regarded these rocks as true Amitsoq gneisses
which underwent granulite-facies metamorphism at about
2800 Ma ago and which were subsequently retrogressed to
amphibolite-facies (Bridgwater e af. 1981a: McGregor pers.
comm. 1982}, The salicnt isotopic facts for the Kangimut
sangmissoq gneisses (KSG) (Oxford unpublished data) are as
follows: (1) A whole-rock Rb-Sr errorchron {six data points)
yields a date of 2770 * 160 Ma. with an initial *’Sr/*Sr ratio of
0.7019 £ (L0805, (2} Five samples yield Sm-Nd model ages
close to 2800 Ma, (3) The Pb/Pb isotope pattern of 18 samples
is exactly analogous to the pattern observed in those

c.2800-3000 Ma-old Nik gneisses of the Godthaabsfjord
region whose magmatic precursors were emplaced through
and into Amitsoq gneisses and which became contaminated
with isotopically easily characterized. unradiogenic Amitsoq-
type Pb (Taylor er al. 1980). Between 0—30% of total Pb in
analysed KSG samples is derived from Amitsoq gneiss. The
Pb/Pb isotope pattern in KSG differs fundamentally from that
in the Amitsoq gneisses (Black er al. 1971; Baadsgaard er af.
1976; Gancarz & Wasserburg 1977).

The observed isotopic data cannot be reconciled with the
view that KSG represent reworked Amitsoq gneisses, as
suggested by Bridgwater e al. {1981a) and McGregor (pers.
comm. [982). These workers postulate that the ¢ 2800
Ma granulite-facies metamorphism totally purged the
¢.3650 Ma-old Amitsoq gneisses of Rb, Sr, U, Pb, REE
(and, presumably, other elements) including the radio-
genic isotopes which had built up during a period of some
800 Ma, and that not long afterwards they werc replaced
during retrogression by the same suite of clements trans-
ported in juvenile, mantle-derived fluids with mantle-type
isotopic signatures. We do not believe that granulite-facies
metamorphism can totally remove all these elements from
decp crust, though it is well known that Rb and U (and K)
may be severely depleted in medium-to-high pressure
granulite-facies rocks. However. granulite-facies gneisses are
not normally severely depleted in Pb. Sr and Nd. which carry
the isotopic memory of crustal residence time. It is difficult to
see how they could be so completely replaced by mantle-
derived fluids as to leave no isotopic memory.

More detailed discussion of the controversial KSG will be
presented elsewhere. However. it appears that the geological
field criteria erected by McGregor {1973) in the main part of
the Godthaabsfiord region. in which basic dykes ({the
Ameralik dykes) are used to separate the Amitsoq and NGk
gneisses, cannot be extended to the whole of the God-
thaabsfjord region. It is most unlikely that Rb-Sr. U-Pb and
Sm-Nd isotopic records can all be rorally reset without trace
of a previous crustal residence time of some 00 Ma.

Dating Precambrian supracrustal rocks

Supracrustal rocks may be cither dated directly, or age-
bracketed between dated rocks such as basement gneiss and
cross-cutting intrusives. although the tatter approach may not
always produce an adequately tight age-bracket. Sediments or
metasediments can sometimes be dated directly but. more
commenly, they are age-bracketed by stratigraphically inter-
calated, dated volcanic rocks. A wide variety of techniques is
therefore available for constraining the age of deposition of
supracrustzl rocks. provided that the rocks are either
unmetamorphosed or at low metamorphic grade. Many
Archacan greenstone belts, as well as Proterozoic supra-
crustals, have been dated quite precisely {(e.g. see carlier
discussion of high-precision zircon U/Ph dating). However,
complex high-grade gneiss terrains containing supracrustal
enclaves arc more likely to give a blanket age with no
possibitity of age resolution. In such areas. Sm-Nd dating of
basic meta-igneous enclaves in calc-alkaline orthogneisses
may offer one fruitful approach.

Direct dating of sedimentary rocks

The geochronology of Precambrian scdiments, in particular
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of those which contain the earliest known biogenic markers
and primitive fossils. is a topic of particular current interest.
The direct-dating approach frequently meets with methodo-
logical and interpretative difficulties. Chemical sediments
containing biogenic remains, e.g. limestone and chert, may
not have adequate contents, or ratios, of parent and daughter
nuclides — although this merits much further research. as
there are now grounds for optimism in applying the Pb/Pb
method to the direct dating of some chemical sediments (see
later). In clastic rocks the presence of unrecrystallized detrital
minerals {e.g. micas, feldspars, zircon, some clay minerals
etc.) may yield erroneously old ages. Moreover, fine-grained
sediments of any type may be affected by low-grade
metamorphism and/or metasomatism resulting in open-system
behaviour of parent and/or daughter nuclides with accom-
panying partial or complete resetting of ages. Fine-grained
volcanic rocks frequently suffer from the same limitations.

K-Ar and Rb-Sr dating of unaltered, authigenic glauconite
from rocks that have not been deeply buried, deformed or
metamorphosed may yield a depositional age. This approach
has been used for calibrating the younger parts of the
Phanerozoic time-scale. Glauconite is rare in Precambrian
rocks, but good K-Ar dates have been reported from
independently age-bracketed c¢. 1600 Ma—old sediments from
the Northern Territory of Australia (Webb er af. 1963;
McDougall ef af. 1965}, whilst reliable Rb-Sr and K-Ar dates
of c.1100 Ma have been published for the Belt Scries of
Montana (Obradovich 1968), Doubts about the reliability of
glauconite dating in more complex situations were expressed
early on by Hurley er ol (1960). whilst hydrothermal
experiments on glauconite (Odin et af. 1977) demonstrated
that low-temperature metamorphism affects the apparent
isotopic age of glauconite grains to an extent which depends
on their chemical composition and  temperature  of
metamorphism.

In the early 1960s. it was discovered that fine-grained,
unmetamorphosed, predominantly detrital sedimentary rocks,
such as shales, could yield whele-rock Rb-Sr isochrons (or
crrorchrons) whose slopes indicated the time elapsed since Sr
isotope homogenization occurred within the particular rock
units. Good agreement was obtained in some cases for
stratigraphically well-defined Palacozoic sediments between
the measured Rb-Sr age and the independently calibrated age
for the relevant part of the Phanerozoic time-scale
(Compston & Pidgeon 1962; Whitney & Hurley 1964;
Bofinger & Compston 1967; Bofinger er af. 1970). The method
was subsequently applied to unmetamorphosed Precambrian —
mostly Proterozoic — sediments, and in some cases the
agreement between the measured Rb-Sr age and an inde-
pendently bracketed age for a given sediment was satisfactory
(Chaudhuri & Faure 1967; Obradovich & Peterman [968;
Faurc & Kovach 1969: Moorbath [969; Pringle 1973). A
whole-rock Rb-Sr isochron age of 1595 + 24 Ma for shales
from the Gunflint Iron Formation of Ontario. Canada, was of
particular interest in view of its varied assemblage of well-
preserved microfossils in chert horizons {Faure & Kovach
1969).

The favoured explanation for the reasonable agreement
between measured and expected age in some fine-grained
sediments is that chemical and mineralogical changes during
diagenesis of hne-grained argillaceous sediments are sufficient
to produce both homogenization of *Sr/*°Sr ratios and
localized variations in Rb/Sr ratios within a single strati-
graphic horizon. These are the fundamental requirements for

the Rb-Sr dating of any rock. Thus it is possible to date the
time of diagenesis which may be penecontemporaneous with
deposition.

In many cases, whole-rock Rb-5r measurements on fine-
grained sediments yield problematic age results. This is
because Sr isotope homogenization not only results from
diagenesis penecontemporaneous with deposition, but
also from much [ater diagenesis, structural deformation
and metamorphic recrystallization. Greenschist-facies meta-
morphism effectively resets whole-rock Rb-Sr dates to the
time of metamorphism {Peterman 1966; Powell er ai. 1969},
In contrast, presence of detrital minerals from an older
source region and resistant to isotopic equilibration (e.g.
muscovite} may result in measured ages that exceed the true
depositional age (Chaudhuri & Faure 1967). These methodo-
logical and interpretative difficulties have long been realized
(e.g. Bofinger & Compston 1967; Dasch 1969; Clauer 1973;
Perry & Turekian 1974; Gebauer & Griinenfelder [974;
Chaudhuri 1976; Spanglet et ai. 1978).

A new chapter in the Rb-Sr dating of sediments has opened
up with the work of Clauer (1979; this Volume), who
maintains that many published Rb-Sr age studies on
sediments and metasediments are misleading because, {1)
most studies. with the exception of some on glauconites and
separated clay minerals, were carried out on whole rocks, (2)
most studies were carried out without detailed mineralogical
control, {3) the metamorphic history of the sediments was
usually unknown or disregarded.

In Clauer’s approach, it is essential to separate an
argillaceous sediment into its constituent mineral and size
fractions, and then to identify the different clay minerals by
X-ray techniques, in order to characterize whether they are
detrital, authigenic, diagenetic or metamorphic, and thus to
distinguish clearly between these origins. Rb-Sr dating is then
carried out on different minerals and size fractions, so that
different stages in the history of the sediment may be
identified, but remembering that low-grade metamorphism
may overprint and erase the age record. These newer
techniques have not so far been seriously applied to
Archaean sedimentary rocks, most of which show the cffects
of at least low-grade metamorphism, and are thus unlikely to
yield a valid depositional Rb-Sr age unless metamorphism
happened to be penecontemporaneous with deposition within
the error limits. Recent applications to Proterozoic and
Phanerozoic sediments from several continents have been
reported by Clauer (1979), and in a special volume dealing
with the geochronological correlation of Precambrian
sediments and volcanics in stable zones. edited by
Bonhomme {1982).

We now consider several case-histories involving attempts
to date Archaean sediments and metasediments. The Fig
Tree Shale from the Swaziland System of the Barberton
region of southern Africa has yielded a good whole-rock Rb-
St isochron age of 2910 + 40 Ma {Allsopp et al. [968),
although this most probably dates a low-grade metamorphism
because cross-cutting granites vield significantly older whole-
rock Rb-Sr ages of ¢.2960 —3000 Ma (quoted in Allsopp e al.
1968). The Fig Tree Shale date is thus a minimum age of
sedimentation and of the fossil biota which they bave long
been recognized to contain {Schopf & Baarghorn [967). The
Fig Tree Group as a whole is some 3500 m thick, and
immediately overlies the Onverwacht Group, which on
conventional estimates is about 15200 m thick {Anhaeusser
1973). It is emphasized that the brief, repeated discussions in
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the following pages of the Swaziland System are based on this
conventional interpretation. However, a re-evaluation of the
stratigraphy and thickness of the entire Barberton belt is
currently under way, resulting from the recognition of nappe
and overthrust tectonics, with major tectonic repetitions (De
Wit 1982).

Subsequently, Hurley er al. (1972} reported a whole-rock
Rb-Sr isochron age of 3275 = 70 Ma for the fine-grained,
quartz-mica-calcite-bearing ‘Middle Marker Horizon™ of the
Onverwacht Group, whose sedimentology has recently been
described by Lanier & Lowe {1982). The low, initial *’Sr/*St
ratic of 0.7015 + (.0018 precluded significant crustal
residence time and suggests that the measured age is close to
the true depositional age (Hurley er af. 1972). The Middle
Marker Horizon is some 7700 m below the base of the Fig
Tree Group discussed earlier. Despite this apparent depth of
burial, some parts of the Onverwacht Group have remained
undeformed and virtually unmetamorphosed. This is quite
difficult to understand if current estimates of the thickness of
the Onverwacht Group are correct.

The microstructures in some Onverwacht Group sediments
are currently regarded as true fossils {Knoll & Baarghorn
1977}, particularly those in the ¢ 900 m-thick Swartkoppie
Formation, ¢.6800 m above the Middle Marker Horizon and
immediately underlying the Fig Tree Group (Anhaeusser
1973). Similar examples are found within the 1920 m-thick
Kromberg Formation. with its hase ¢.4850 m above the
Middle Marker Horizon. More problematical ones occur
within the 190 m-thick Theespruit Formgtion {Muir & Grant
1976) whose top is some 3500 m below the Middle Marker
Horizon. From the limited age evidence so far discussed there
is little doubt that if the Onverwacht and Fig Tree micro-
structures are indeed biological (Schopf 1976}, then cellular
organisms existed by about 33003200 Ma ago. Further
evidence bearing on the age of deposition of the Onverwacht
Group from intercalated volcanics is presented in a subse-
quent section.

Direct dating of the early Precambrian lsua supracrustals of
West Greenland was mentioned earlier and summarized in
Table 2. Brief geological descriptions of the area have been
published by Allaart (1976}, Bridgwater er al. (1976). and
Appel (1980). In contrast to the South African samples.
intense deformation and amphibolite-facies metamorphism
{c. 550°C and § kbar} have obliterated most primary igneous
and sedimentary textures (Boak & Dymck 1982)., None-
theless, the original nature of some of the rocks can be clearly
discerned and the Isua supracrustals exhibit many similarities
to the much larger greenstone belt assemblages of later
Archaean nmes. Age and isotopic data suggest that the
interval between their deposition and first metamorphism was
short (> 100—150 Ma). No field or isotopic evidence has yet
been found concerning the age and nature of the substratum
on which the Isua supracrustals were deposited.

In view of the intense metamorphism suffered by the Isua
supracrustal rocks and the resulting interpretative problems
regarding biogenic markers. it is not yet possible to say
whether life as we know it existed in Isua times. Contro-
versial morphological. chemical and isotopic evidence from
the Isua supracrustals has given rise to highly conflicting
interpretations {e.g. Monster ¢t al. 1979; Pflug & Jacschke-
Boyer 1979; Schidlowski er al. 1979; Bridgwater et al. [981b:
Nagy er al. 1981; Roedder 1981; Walters er al. 1981). There is
nothing in the nature of the palaeo-environmental evidence,
as deduced from tbe geological character of the Isua

sediments, to contradict the existence of early life, whilst the
occurrence elsewhere of stromatolites and cellular micro-
organisms some 300-—-500 Ma later (see below) adds an
indirect measure of plausibility. One may hope that relatively
unmetamorphosed and undeformed supracrustal rocks of Isua
age will turn up -somewhere. Undoubtedly, several early
Archaean terrains still remain to he discovered, mapped and
dated.

Indirect dating of sedimentary rocks

Dating of stratigraphically intercalated volcanic rocks

Volcanic and metavolcanic rocks frequently have suitable
parent/daughter ratios for Rb-Sr and/or U-Th-Pb and/or Sm-
Nd dating. The Rb-Sr method has been the most frequently
used for dating Precambrian volcanics, although basic
volcanics tend to have low and uniform Rb/Sr ratios. Good
examples of Rb-Sr dating in Archaean greenstone belts have
been reported from Northwest Territories, Canada {Green &
Baadsgaard 1971}, north-eastern Minnesota, USA (Jahn &
Murthy 1975), Manitoba, Canada {Clark & Cheung 1980)),
Finland (Vidal et al. 1980). and from many other areas.
Just as with fine-grained sediments, post-depositional low-
grade metamorphism. hydrothermal alteration and meta-
somatism can yield large data scatter on isochron ptots and/or
anomalously low ages, particularly in the Rb-Sr and U-Pb
systems. An example is provided by a suite of acid volcanic
rocks from near the middie of the Onverwacht Group whicb
yields a whole-rock Rb-Sr isochron date of 23560 + 40 Ma
{Allsopp et al. 1973). This is quité incompatible with whole-
rock Rb-Sr dates of 3275 + 70 Ma and 2910 * 40 Ma for the
Middle Marker Horizon and Fig Tree Shale discussed earlier,
or with whole-rock Rb-Sr dates of ¢.3000 Ma for coarse-
grained granites which cut the Swaziland Sequence (Allsopp

et al. 1973). Another example has been reported from the

late Archaean Chibougamou greenstone belt of Quebec,
Canada, where acid volcanics yield a whole rock Rb-Sr
isochron age of 2290 * 170 Ma, but are cut by a tonalite
pluton with a whole-rock Rb-Sr  isochroen  age of
2520 £ 160 Ma (Jones er al. [974). Acid volcanics can be
particularly prone to loss of radiogenic Sr as a result of post-
depositional disturbance. because they contain littie or no Ca-
bearing minerals which can act as acceptors for displaced
radiogenic Sr, or if they do contain calcic phases these may be
blocked to Sr diffusion at greenschist-facies temperatures,
These cautionary remarks also apply to Phanerozoic acid
volcanics used for time-scale calibration. In contrast, isolope
systematics of basic volcanic rocks are frequently disturbed by
post-depositional intreduction of mobile elements such as Rb
and U.

Several techniques overcome tbese problems. Accessory
zircons in acid volcanics can yield meaningful U-Pb ages even
when whole-rock Rb-Sr and/or U-Th-Ph systematics have
been disturbed or reset. Of particular importance is the
recent application of the Sm-Nd method to basic volcanic and
metavolcanic rocks in Precambrian supracrustal successions,
reviewed by O'Nions er af. (1979b) and De Paolo (1981a).
Because Sm and Nd are chemically such closely related
elements, tbey may be used in cases where the application of
other decay schemes such as Rb-8r and U-Pb is hampered by
post-depositional disturbances, leading to chemical fraction-
afion of parent and daughter element. Indeed. Sm and
Nd do not appear to be significantly fractionated by
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crustal processes such as erosion, transport, diagenesis,
hydrothermal alteration or metamorphism {McCulloch &
Wasserburg 1978), making this a particularly powerful
method for constraining the age of separation of protoliths of
sedimentary rock sequences from mantle sources (see
O’Nions & Hamilton, this volume).

Indirect dating, using stratigraphically related volcanic
horizons, has been applied to the carly Archaean stromatolite-
bearing Warrawoona Group of the eastern Pilbara region of
western Australia (Lowe 1980). The fossils occur in the
Strelley Pool chert near the top of a 10 km section of the
Warrawoona Group, consisting largely of low-grade meta-
volcanics interstratified with chert units less than 30 m thick
(Barley et al. 1979). The fossiliferous cherts lie 1—2 km above
dacitic lavas of the Duffer Formation, from which zircons
have given a U-Pb age of 3452 = 16 Ma (Pidgeon 1978),
interpreted as the age of extrusion. Lowe {1980) is careful to
point out that the ‘possibility of intervening unconformities
cannot be dismissed. although the overall igneous and
sedimentological continuity of the Group suggests that major
hiatuses are absent. Following deposition of the uppermost
part of the Warrawoona Group and the overlying Gorge
Creek sediments, the rocks were extensively deformed and
intruded by graniteid plutons. The main period of de-
formation and associated plutonism has been dated at
¢.3100 — 2900 Ma (De Laeter & Blockley [972; Oversby
1976). The possible age range for the stromatolites is, there-
fore, ¢.345(} — 3100 Ma, but their close association with the
older rocks suggests deposition at 3400 Ma’. Further down
the succession, the North Star basalt has yicided a whole-rock
Sm-Nd isochron age of 3560} + 32 Ma (Hamilton er af. 1981).
Also in western Australia, Walter ef af. (198)) have reported
stromatolites from a chert-barite unit in the Warrawoona
Group at a locality named North Pole. The unit consists of
bedded, shallow-water greenschist facies metasediments
4 m thick that persists for at least 30 km along strike. This
unit 1s regarded as the approximate stratigraphic eguivalent
of the dated Duffer Formation.

Returning now to the Onverwacht Group of southern
Africa. Sinha (1972} studied common Pb and U-Pb
systematic of five basaltic lavas and obtained a “best’ age of
3290 * 45 Ma. The paper neither quotes the decay constants
used, nor the stratigraphic position of the dated samples
within the ¢. 15000 m-thick Onverwacht Group. However, the
age agrees well with the Rb-Sr age of 3275 = 70 Ma for the
Middle Marker Horizon (Hurley er af. 1972). Jahn & Shih
{1974) have reported a Rb-5Sr isochron age of 3420 = 20 Ma
(initial Sr/*Sr = 0.70048 = (1.00005) for separated mincerals
from a basaltic komatiite in the 3500 m thick Komati For-
mation immediately underlying the Middle Marker Horizon.
Hamilton er af. (1979b) have reported a Sm-Nd age of
3540 = 30 Ma for a suite of basaltic and peridotitic komatiites
from the Komati Formation. Note that, on current inter-
pretations of the thickness of the Onverwacht Group. the top
of the Komati Formation is stratigraphicalty some 7700 m
below the top of the Swartkoppie Formation. from which the
most convincing micro-organisms in the Onverwacht Group
have been reported to date (Knoll & Baarghoorn 1977}

In Zimbabwe, Precambrian stromatotitic limestones have
long been recognized {Schopf er u/. 1971). Some of the best
examples are from the Belingwe greenstone belt {Bickle er ai.
1975) which has been stratigraphically correlated with dated
volcanic horizons in neighbouring areas. The Belingwe
sediments and volcanics lie unconformably on  gneissic

basement, and indicate a depositional environment inter-
preted as changing from beach, through tidal flat, to deeper
water conditions. Hawkesworth er gl. (1975) reported whole-
rock Rb-Sr isochrons on volcanics from several greenstone
belts, although the analytical data from the Belingwe belt
itself was too scattered for meaningful age interpretation.
Stratigraphically broadly equivalent greenstone belt vol-
canics from three adjacent areas yielded whole-rock
Rb-Sr errorchron dates of 2480 + 180, 2470 + 280 and
2650 + 140 Ma, with correspondingly scattered initial
¥75r/%Sr ratios. The data scatter was attributed to locally
variable post-depositional redistribution of Rb and/or Sr. In
contrast, Jahn & Condie (1976) obtained a whole-rock Rb-Sr
isochron of 2690 + 70 Ma for eleven selected samples from
the Belingwe belt volcanics. Subsequently, Hamilton et al.
(1977) reported a whole-rock Sm-Nd age of 2640 £ 140 Ma
for ten mafic and ultramafic lavas from several greenstone
belt successions, including four samples from Belingwe. At
the time that the Belingwe stromatolites were reported
(Bickle et al. 1975), they were amongst the oldest known.
Since then much older ones have been reported from western
Australia (see above} and Zimbabwe (see below).

Dating by bracketing between basement and infrusives

This is clearly an extension of the previous approach. Within
the framework of a single, major CADS, the bracketing
limits may be = 50—100 Ma. Where only one bracket can
be closed it may only be possible to set a close upper or lower
age limit for deposition. The literature abounds in examples
of Precambrian supracrustal associations which have been
age-bracketed in this way, and in some cases this bracketing
method may vield more reliable resuits than the direct
methods. Two cases were already mentioned earlier in which
cross-cutting plutons gave older measured dates than the
intruded supracrustals. As explained above, this happens
because of the generally higher susceptibility of fine-grained
sediments and volcanics to subsequent alteration and
metamorphism than coarse-grained plutonic or hypabyssal
rocks.

In Zimbabwe. Orpen & Wilson (1981) have reported the
‘best examples of ¢.3500 Ma biogenic structures (stromato-
lites} known which add to the growing body of evidence that
life was manifest as early as ¢. 1000 Ma after the formation of
the earth’. These stromatolites occur in limestone of the
Fort Victoria greenstone belt, tentatively assigned to the
¢.3500 Ma-old Sebakwian Group (Wilson ef al. 1978; Wilson
1979; Nisbet er af. 1981). The limestone is regarded as older
than the nearby Mushandike granite, though the two rock
units are not seen in direct contact. The Mushandike granite
has yielded a whole-rock Rb-Sr age of 3445 £ 260 Ma
{Hickman 1974). The limestone was formerly regarded as
part of the ¢.2600 — 2700 Ma-old Bulawayan succession.
Near Selukwe, some 90 km north-west of the stromatolite
locality, the Sebakwian succession is cut by the Mont d’Or
Granite which has vyielded a whole-rock Rb-Sr age of
3340 = 120 Ma (Moorbath er al. 1976) and a whole-rock
Pb/Pb age of ¢.3370 Ma (Oxford unpublished data). The
Sebakwian Group may be underlain by orthogneisses which
have yielded whole rock Rb-Sr ages of 3490 = 400 Ma
{Hawkesworth er al. 1975) and 3480 = 120 Ma (Moorbath e/
al. 1977b) respectively some 30 km west-north-west and
75 km west-south-west of the stromatolite locality. The above
dates and their associated errors. as well as the uncertainties
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in geological correlation, show that the age of deposition of
the Sebakwian Group is not yet as satisfactorily bracketed as
might be desired. The situation is further complicated by the
fact that the presumed ¢. 3500 Ma-old limestone of Orpen &
Wilson (1981) has recently yielded a Pb/Pb isochron age of
c.2800 Ma (Oxford unpublished data) which is provisionally
interpreted as the age of deposition, rather than as isotopic
resetting. Thus the identification of the stromatolitic lime-
stone as Sebakwian is still an open question.

The dating of the younger {Bulawayan) greenstone belt
volcanics of Zimbabwe and their stromatolitic horizons.
referred to previously, has been supplemented by whole-rock
Rb-Sr ages of 2570 + 30, 2630 + [40 and 2590 + 80 Ma for
the eross-cutting Chilimanzi granite {Hickman 1978). Sesombi
and Somabula tonalites (Hawkesworth er al. 1975} which
provide a younger age limit for the supracrustal rocks.
Although the ¢.2700 — 2600 Ma Belingwe greenstone belt
with its stromatolites (Bickle er «f/. 1975) is demonstrably
underlain by basement gneisses. it is not yet clear how much
of this basement is made up of early {c¢.3500 Ma) or late
(.2900 — 2700 Ma) Archacan gneisses.

Anotber important stromatolite [ocality occurs in a
dolomite unit of the Yellowknife Supergroup in the northern
part of the Slave Structural Province, north-western Canada
(Henderson 1975). The stromatolites are regarded as having a
minimum age of ¢.2500 Ma on the basis of correlation with
probably broadly equivalent volcanic rocks of the Yellow-
knife Group and their intrusive rocks from the southern part
of the Slave Province at Yellowknife, some 550 km south of
the stromatolite locality (Henderson 1975). Here. the
metavolcanics have yielded a whole-rock Rb-Sr age of
2570 = 150 Ma. whilst zircon U-Pb ages of ¢.2540 — 2510 Ma
are reported for three successive suites of intrusive igneous
rocks {Green & Baadsgaard 1971).

Finally, convincing stromatolites from the ¢.2500 m-thick
Pongola Supergroup of southern Africa are aimost certainly
€.3000 Ma old (Mason & von Brunn 1977). The Pongola
Supergroup unconformably overlies granites dated at
¢.3200 — 3100 Ma, whilst a zircon U-Pb measurement from a
volcanic quartz-porphyry in the Upper Insuzi group yielded
an age of ¢ 3050 Ma (Van Niekerk & Burger 1978). A
minimum age is provided by a whole-rock Rb-Sr age of
2805 £ 30 Ma on acid and basic rocks of the Usushwana
igneous complex, which cuts the Pongola Supergroup (Davies
et al. 1970),

Summary and conclusions

Geochronological  and  associated  radiogenic  isotope
measurements on igneous, sedimentary and metamorphic
rocks bave now developed to the point where they can be
used, in principle. with a high degree of confidence to
establish the temporal and broad petrogenetic evolution of a
given sector of continental crust to distinguish between
juvenile, mantle-derived sialic crust and reworked continental
crust, and to ascertain the relative proportions of juvenile and
reworked material. Only a few Precambrian shield areas have
been studied in sufficient detail to establish more than the
broad outlines of crustal evolution, whilst the rather common
combination of too few isotopic data with inadequate
geological control can easily lead to widely conflicting
interpretations and models.

One of the most interesting problems for the future is the

detailed efucidation of the physical, chemical and geological
processes which comprise a crust-accretion-differentiation
superevent (CADS) by a truly multi-disciplinary approach, in
which geochronology and isotope geochemistry can make a
substantial contribution. This is closely linked with such
problems as the growth rate of continental crust through
geological time, the complementary geochemical evolution
(depletion) of the upper mantle, and the quantitative role (if
any) of recycling of continental crust-derived material
through the mantle. Many global models, heavily dependent
upon radiogenic isotopes, have been proposed. Some require
the entire mass of continental crust to have been produced
very early in the earth’s history {¢.4000 — 3500 Ma ago) and
recycled through the mantle at a decreasing rate throughout
geological time {e.g. Armstrong 1968: 1981a). Most widely
acceptable, on the basis of multidisciplinary evidence, are
those models that require an accelerating growth rate of sialic
crust between ¢.3700 and 2500 Ma, by which time perhaps as
much as ¢.70 — 80% of the present mass of sialic crust was
already in existence. followed by a decelerating growth rate
to the present {e.g. Jacobsen & Wesserburg 1979; O'Nions ef
al. 1979a; De Paolo 1980: Jacobsen & Wasserburg [981;
O'Nions & Hamilton 1[981; Dewey & Windley [981;
McLennan & Taylor 1982). However. the mathematical
isotope-modelling in these two contrasted models of crustal
evolution may be non-unique in distinguishing between them
(Armstrong 1981b; De Paolo [981b). From this viewpoint, a
decreasing rate of crustal recycling through the mantle
throughout geological time is equivalent to a decreasing rate
of irreversible chemical differentiation of the mantle.
Definitive evidence must clearly be sought elsewhere. not
least from pgeology and geochronology. At any rate,
Armstrong’s (1981a) objection to continental growth on the
basis of the constant freeboard model of Wise (1974) has
been convincingly answered by Dewey & Windley {1981} and
by Mclennan & Taylor (1982), whe maintain from in-
dependent arguments that continental growth and constant
freeboard are entirely compatible.

Evidence for age, residence time and extent of Pre-
cambrian sialic crust can be obtained from direct dating of
exposed rocks or of detrital components (e.g. zircon,
feldspar, muscovite}, from Pb/Pb isotopic mixing lines
between magmatic rocks and contaminating basement (e.g.
Taylor et al. 198(; Dickin 1981}, or from Sm-Nd model ages
of sediments (e.g McCulloch & Wasserburg 1978). Extensive
coverage is now needed for all shield areas. So far, the oldest
known terrestrial rocks, the Isua supracrustals {Table 2},
have not yielded any age or isotope evidence for pre-3800
Ma-old sialic crust {Oxford unpublished data). At the same
time, great restraint is advisable in the attribution of early
Archaean ages (> 3500 Ma) from indirect age and isotope
evidence interpreted on the basis of geochemically
implausible models. The same caution must be voiced with
respect to several recent reports of directly measured ages
exceeding ¢.38000 Ma, for which the data base is insufficient
and tbe documentation inadequate.

Another major topic addressed in this paper is the geo-
chronological evidence bearing on early life. Taking account
the quoted errors on individual age determinations, as well as
uncertainties in geochronological/stratigraphical correlations,
it seems probable from the summarized evidence that
stromatolite-bearing rocks were being deposited by
¢.3400 — 3300 Ma ago, and that Archaean microfossils
showing cell division were in existence by ¢.3200 — 3000 Ma
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ago. Additional work to confirm ‘and possibly narrow these
estimates should be carried out on rocks which are strati-
graphically closely associated in space and time with the
fossiliferous horizons, or on the latter themselves. There is
ample scape for the development of promising new variants
of existing dating methods. in particular Pb/Pb dating of
banded iron-formation {so far only reported from Isua, see
Table 2)., as well as continuing research into applying

different age methods to limestones and cherts. Detailed
collaborative, interdisciplinary research between palaecobio-
logists, geologists and geochronologists will be essential.
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Subdivision of the Precambrian

A. E. Wright

SUMMARY : The Precambriun record is so frugmentary and from such widely contrasting terrains
that attempts to erect any formal subdivisions would appear to be premature. The methods that have
been used in the Phanerozoic rocks cannot be used for subdividing the Precambrian as they are
peculiarly suitable for fossiliferous largely undeformed sedimentary units in which the sedimentary
record is relatively full. Isotopic dating methods also become so imprecise over the major portion of
Precambrian time that it is only rarely possible to use them to define particular events with the same
precisian as those dated in the Phanerozoic record, although this is changing with increasing analytical
accuracy.

The use of biological criteria for the erection of a chronostratigraphic scale is seen as a future
possibility, but the methods of defining the units that are used in the Phanerozoic are thought
inappropriate. and the characterization of a particular chronostratigraphic unit (e.g. by the presence
of metazoan trace fossils) is seen as more appropriate.

International agreement on the time for particular boundaries in the Precambrian is regarded as an
attempt merely to define the terms already in use rather than having any scientific basis. It is possible
that future research may reveal globul events which arc recognized to be unique and these may
provide more reliahle datum planes to use. If they are also related to changes in the way the earth
behaved through time it would he logical to use these as markers for any major subdivisions of
Precambhrian time. None have so far been generally accepted. so any units must, at present, be purely
informal or local.

A large proportion of Precambrian rocks presently exposed are not undeformed sedimentary
sequences but are metamorphosed and deformed complexes of sediments and igneous intrusions, now
often gneissose. Such complexes are not amenable to normal stratigraphic subdivision, and their
lithostratigraphic nomenclature is also not simply related to the nomenctature of sedimentary piles. It
is suggested that a lithotectonic hierarchy of terms be used for the description of such complexes with
a chronotectonic major unit, the *Cycle’, being used to define the development of such complexes
within a specific time in a particular place. Precambrian chronotectonic cycles may then be used to
describe the formation of the rocks at a particular time without implying that the cycle is necessarily of
world wide development. Such cycles should never be used as the basis for a Precambrian

stratigraphic scale.

After many years of suggestions, proposals and question-
naires, Precambrian stratipraphic subdivision has barely
arrived at an internationally agreed starting point. Some
schemes have been used locally but most national schemes
use different methods and different criteria for the sub-
division so there is no international agreement as to how the
rocks should be divided or what the names of these sub-
divisions should be.

There have been suggestions {George e af. 1967; Hedberg
1974) that the same principles which are used for the
subdivision of Phanerozoic rocks should be extended back
into the Precambrian eras and although there is much to
recommend this as an intellectually ideal stand to take. in
practice there is little possibility of such methods being used.
There are three main reasons for suggesting that Precambrian
stratigraphic units are unlikely ever to be defined in the same
way, or to be of the same kind, as Phanerozoic units.

1. The methods used in Phanerozoic rocks are not suitable
for largely unfossiliferous rocks {except those used for litho-
stratigraphic subdivision).

2. The imperfection of the sedimentary record compared
with the immensity of Precambrian time makes the exercise
of attempting to erect a Precambrian chronostratigraphic
column of little practical use even if it were possible.

3. The majority of Precambrian rocks occur in crystalline
complexes which have evolved in ways which differ so much
from surface sedimentation that little correlation is possible.

Precambrian chronostratigraphy — problems

The concepts which have been developed for the subdivision
of Phanerozoic rocks are suitable for subdividing sequences in
which a large number of more or less contemporaneous
successions can be seen and which it is possible to correlate
on a world wide basis. There is almost no part of the
Precambrian for which this is yet possible. There are many
‘normal’ stratigraphic practices and methods of definition
(particularly with regard to lithostratigraphic units) which are
perfectly applicable to the Precambrian and it is not
suggested that normal stratigraphic practice cannot be applied
to Precambrian strata. However. the fundamental basis for
Phanerozoic chronostratigraphic definition and correlation
(i.e. the stratotype sequence) is not applicable to the
Precambrian.

Great advances are being made in stromatolite and
microfloral zonation within the unmetamorphosed sedi-
mentary sequences of the Precambrian, but it is the diversity
of faunas and the use of a whole variety of different zonal
schemes that enables subdivision and refinement of the
Phanerozoic chronostratigraphic column. This has taken
150 years to build up and as yet only a few of the major
boundaries have an agreed international status. The
Precambrian biological record is likely to be very sparse in
any one area even when zonal schemes have been devised,
and it seems highly improbable that the same methods of
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correlation of a diverse flora covering a wide vaniety of
environments will be found in Precambrian strata. It is most
likely that in any one sequence some particular, favourable.
geological environment will preserve what fossils there are,
and it is only if this environment is repeated elsewhere that
correlations can be made. Although stromatolites have been
widely used to zone the Upper Proterozoic, there is no doubt
that they were rather restricted in their environmental
tolerances so that only inter-tidal deposits are likely to
contain such material in the first place. although some are
now thought to be freshwater (Siedlecka 1982). With
stromatolites and phytoplankton. two major types of zonation
(i.e. inter-tidal and perhaps deeper water} may eventually
lead to correlation between different environments but it
seems likely that some years of research effort are needed
before the zonal schemes are themselves devised.

Another major difficulty is the very process of correlation
itself. The Phanerozoic chronostratigraphic scale was worked
out by successive sequences found to lie on top of each other
and a time sequence deduced by classic Huttonian methods.
This method of widespread correlation is not available for
most of the Precambrian. Although sequences of sedimentary
groups have been deduced for various cratonic arcas for
much of the Proterozoic manv of these sequences have been
arrived at by interpolation over miles of unexposed ground.
and they have been verified largely by radiometric dating. not
by classical stratigraphic methods, There is no way of cor-
relating between cratonic sequences in, say. South Africa.
with those in Russia or China. Even if they contain the same
sequence of stromatolites or microflora, there can be no
certainty that times of deposition in one continent cquate
with times of deposition on another. They might equally
correlate with the periods of uplift and unconformity.

The building up of a stromatolite zonal scheme would seem
to depend ultimately on accurate radiometric dating of the
sequences on different cratons and this itself presents dif-
ficulties. Maost frequently those sequences for which an
adequate palaeontological zonation has been established are
those for which radiometric data are not available. The real
problem with radiometric dating for chronostratigraphic
subdivision is the lack of datable matenal in sedimentary
rocks — a problem that is not confined to the Precambrian.
The use of Rb/Sr on shales, K/Ar on glauconite and U/Ph on
some uraniferous organic sediments. is likely to be subject to
uncertainties of interpretation. The use of intrusions which
cui sirata to give a younger limit to the ape can never be
precise even though some of the ‘best™ apes for major
divisions in the Phanerozoic are still the ages of intrusions
either cutting or unconformably overlain by the strata (i.e.
give only upper -or lower limits). The sheer length of
Precambrian time makes this less and less satisfactory the
further back in time one goes. Only when volcanic horizons
within a sequence {either lavas or bentonitic ashes) are
accurately dated can useful discussion of the radiometric age
of strata be undertuken. WVolcanic sequences are not
uncommon in the Precambrian, but enormous thicknesses of
sediment are found in which volcanicity is not evident and
thesc will, by present techniques. remain very difficult to
date.

It has been suggested that the magnetic reversal sequence
may ultimately be extended into the Precambrian to give a
means of correlation. Magnetic reversals are probably less
diachronous than most palaeontological changes, but the use
of magnetic reversal sequences for correlation in pre-Jurassic

rocks can never be absolutely certain as one can never know
whether deposition (or eruption) was sufficiently continuous
to cover the whole time interval, This is not such a problem
with Recent or even Tertiary non-marine sequences but
becomes an almost insuperable problem in Precambrian
times. The suggestion that a magnetic stratigraphy may be
used to extend the chronostratigraphic column back into the
Precambrian falls down completely because of the highly
fragmentary nature of the Precambrian record and the
inaccuracy of radiometric dating. In order to be able to
correlate two reversal sequences in the Precamhrian one
would have to be certain that a fairly complete sequence is
present and the ages of the reversals would have to be dated
{initially to erect the scale) at an accuracy greater than is
likely to be possible.

As much of the Precambrian record is so poorly fossi-
liferous it seems unlikely that any cxcept very gross
subdivisions will be possible by biostratigraphic correlation.
Even the most recent Precambrian faunas — the Ediacaran
asscmblages — are imperfectly known. Should we adopt the
standard method of defining the base of an ‘Ediacaran
System’, say by the appearance of the Ediacara assemblage
and the definition of a stratotype {insertion of a ‘golden
spike’} at a particular focality, we are much more likely to hit
a spot which is not the chreonological base of the start of the
Ediacara fauna than in more recent rock sequences. There
arc fewer rock sequences of this age prescrved and at
650—750 Ma the errors in radiometric dating arc becoming
10% greater in terms of years than at the base of the
Cambnan. As this is a unique occurrence (the start of many
phyla} it is surely better to define the boundary as a concept
than at a particular point. If the fauna is subsequently found
fower in the rock sequence at another point later on. then no
controversial decisions will have to be taken (either to move
the golden spike or to say that some pre-Ediacaran rocks
contain an Ediacara fauna). The correlation of fuunas and
floras in the Precamibrian will, hopefuily, eventually be more
precise than radiometric age dating. but there is surely no
justification now for guoting dates as precisely as 707 Ma
(Vidal & Zoubek [981) for the basc of the Vendian.

The imperfections of the Precambrian
sedimentary record

Whatever the ultimate consensus regarding correlation of the
Phanerozoic rocks, it can only be applied to deposited strata.
There has been general recognition that the sedimentary rock
record is very fragmentary and that in most depositional
environments the rock rccord represents less than half
{possibly a very small fraction) of geological time (Sadler
1981). The immense length of Precambrian time {about six
times as long as Phanerozoic) and the general paucity of
sedimentary. sequences in parts of the Precambrian record
means that there is a very much greater likelihood of
miscorrelation between Precambrian sedimentary sequences
than those of the Phanerozoic. A stratigraphic subdivision of
the predominantly unmetamorphosed sedimentary groups of
South Africa has recently been made {Kent & Hugo [978)
and it is claimed (p. 374) that is covers the time between
3750 Ma to ¢.570 Ma with only slight hiatuses. This scems
highly unlikely. Each of the main groups are represented by
considerable thicknesses of sediment; the total thickness
probably exceeds 65 km (Anhaeusser 1973), which is an
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average rate of ¢.20 m/Ma although there is a high proportion
of rapidly accumulated volcanic deposits, conglomerate or
coarse arenaceous sediments. Of more importance is the fact
that these are highly episodic depositional environments. This
rate, in any case, is highly inaccurate being based on the total
thickness over the total time, whereas more than two-thirds
of the thickness was deposited in the first two-fifths of the
time, so that the rate for the Proterozoic is only ¢.10 m/Ma.
With probably several metres being deposited in a day in
volcanic and conglomeratic deposits. ‘continuous’ takes on a
very curious meaning!

This sequence is divided into eight major groups or
supergroups which are presumably related to periods of time
when there was a somewhat stable sedimentary environment
giving a unity to each major lithostratigraphic unit. It seems
highly unilikely that onty eight major cbanges took place in
3000 Ma during which there was ‘continuous’ sedimentation.
However, the boundaries of major chronostratigraphic units
which subdivide this time span (early Archaean to late
Proterozoic) are taken at the major lithological boundaries of
these lithostratigraphic divisions (Table 1, from Kent & Hugo
1978) so that the boundaries of chronostratigraphic units will
be major unconformities. It is likely that these unconformities
represent a considerable proportion of this time.

The early Archaean part of the sequence (the greenstone
belt, Onverwacht. Fig Tree and Moodies groups) are well
developed in South Africa but similar sequences occur in

many other shields at about this time. The sequence from
ultramafic and mafic lavas {Onverwacht Group) to
argillaceous sediments (Fig Tree Group} and arenaceous
sediments {Moodies Group) is one that is repeated in other
greenstone belts throughout the world, but it is apparent that
it represents the working of some sort of Archaean ‘green-
stone’ geotectonic cycle that may be repeated several times in
adjacent areas, so that no correlations can be made on the
basis of the rock types occurring in the belts — as was done
for the Sebakwian, Bulawayan and Shamvaian ‘groups’ in
Zimbabwe where Sebakwian meant ultramafic volcanic
rocks, Bulawayan meant mafic and felsic volcanic rocks
and Shamvaian meant sedimentary rocks. At least three
successive greenstone belt sequences with representatives of
these three ‘groups’ are now known to be present in that area
(Wilson 1973). These three greenstone belt sequences
probably cover much the same period of time as the
Swaziland and Witwatersrand Supergroups of the South
African craton and there are no means {other than radio-
metric dating) of deciding which of the Zimbabwian
greenstone belt scquences correlates with the Swaziland
greenstone belt, if indeed any are exact equivalents. 1t could
well be that an individual greenstone belt sequence is a
unique geotectonic occurrence controlled by rather tocalized
forces within the mantle beneath the particular greenstone
basin. Thus no correlation of greenstone belt sequences from
one area to another is vet possible except by radiometric

TaBLE 1, Stratigraphic subdivision of South African Precambrian {after Kent & Hugo [978)
Approx. | Chronostratigraphic Lithostratigraphic Thickness
age, Ma. Unit Unit {from Anhaeusser

1973)
Era Group Supergroup/
Sequence
Palaeozoic
Nama/Malmesbury
Namibian Gariep, Nosib Damara
—1080
y Koras I 5 km sed
Mogotian Waterberg/Soutpansherg 6¥2 km 1> km vole
— 2070
Rooiberg
Oilfantshoek
Pretoria/Postmasburg )
Vaalian Chuniespoort/Campbell/ Trz_msvaai/ . 1T km 9 km sed
. Griqualand West 2 km volc
Griquatown
Wolkberg
—=2630
Pniel ]
Platberg Ventersdorp 5 km L km sed
L 4 km volc
Klipriviersberg
Randian
Central Rand . 9 km sed
West Rand } Witwatersrand 11 km 3 km volc
Dominicon
Limpopo (Beit Bridge)
2800
5 km sed
2900 Pongola 10 km 5 km volc
Swazian
Moodies
Figtree Swaziland 21 km |2 kM sed
16 km volc
Onverwacht
3750
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dating, although it may be possible to use the presence of
greenstone belts to denote a major subdivision, like the
Archaean. Workers in Australia (Hickman 1981) have shown
that normal lithostratigraphic methods can be applied to the
correlation of closely adjacent greenstone belts and they
suggest that over large parts of the Pilbara block of Western
Australia there was in fact only one sequence of depositional
events that may be correlated laterally. However, even they
would not propose that this is the correlative of the green-
stone belts of the Yilgarn block where Sm-Nd dates give ages
of 3050 £ 100 Ma, 2980 + 120 Ma and 2780 + 70 Ma,
suggestive of a progressive crustal age trend across the block
{Fletcher er al. 1984). This compares with an age of 3560 =
32 Ma for the Pilbara block (Hickman 1981). The later
Archaean sequences of South Africa {e.g. the Witwatersrand
Supergroup) is a cratonic fluvial sequence whose environment
of deposition is quite unlike much late Archaean sedimen-
tation elsewhere in the world and thus offers little possibility
of correlation on any basis other than very broad categories
of primitive microflora,

The whole of the South African Proterozoic sequence is
cratonic and ths controls over the various periods of
sedimentation and volcanism are unknown hut could con-
ceivably relate to orogenic episcdes in adjacent terrains.
Whether any of these unconformities or sedimentation
episodes correspond to such external events and whether the
rock record in these orogenic beits can be matched with any
of the events taking place on the craton is unknown but it
seems likely that meaningful correlations except by radic-
metric age dating are a long way off.

Considering the comparison with other shield areas made
by Kent & Hugo (1978) {even they would not regard them as
correlations} there seems little doubt that in each shield area
one can erect a local, self-consistent. stratigraphic scale. but
this will be only a lithostratigraphic grouping. It is pertectly
conceivable that the deposition of the five major Proterozoic
supracrustal groups of the Russian shield in Karelia could
represent entirely different periods of time to those seen in
South Africa or Australia (Wright 1980). Indeed if the
unconformities represent the majority of geological time this
is likely to be the case. it might be argued that this may make
the construction of a complete Precambrian stratigraphic
column more likely since more of the time will be represented
by rock (although on different continental blocks). However,
it also renders impossible correlation by characters found
within the rocks, and it is likely that radiometric dating will
remain the only means of comparison for many years.

Lithostratigraphy as a basis for
chronostratigraphy

The use of lithostratigraphic units in the erection of chrono-
stratigraphic subdivisions of the Precambrian is perhaps the
most fundamental of Kent & Hugo's (1978) suggestions. It is,
at first sight, reasonable and unobjectionable, especially for
the erection of a local stratigraphic time-scale. Clearly the
Witwatersrand sediments were laid down over a finite period
of time and were preceded by a Dominion Group of different
facies and succeeded by the largely volcanic Ventersdorp
Supergroup. This succession may therefore be regarded as a
definite time sequence in that local area. However, if the
problem is considered in more detail it is apparent that the

designation of these units as chronostrarigraphic units is
unjustified.

This part of the South African stratigraphic column is made
up of an enormous thickness of sedimentary and volcanic
rocks deposited over really quite short a period of late
Archaean time. Due largely to its economic importance very
detailed lithostratigraphic sequences have been worked out
which have enabled detailed correlations to be confidently
made over quite wide areas. Since there are well recognized
lateral facies changes throughout the sequence it is tempting
to regard the major units, above formation level, as having
some sort of chronostratigraphic meaning. However, it must
be recognized that the major changes that cnable the
Hospital Hill Subgroup to be distinguished from the
Government Reef Subgroup are changes in facies and
although there is a consistent sequence along the length of
the basin of a lower unit of alternating siliceous and argil-
laceous beds and an upper unit which s quartzitic and
conglomeratic, there is, of course., no means of knowing
whether this is a chronological distinction. It is a distinction
based upon a change in facies and all such changes are likely
to be diachronous; the fact that the lower unit is always of
one facies and the upper unit is always contrasting says
nothing about their time relationships. No doubt the workers
on the Witwatersrand Supergroup are now fairly confident
that detailed correlations can be made and certain marker
beds are widely used to correlate the various formations more
securely than by simple methods of lateral correlation and the
law of superposition. However, there is no disputing the fact
that the correlations are all lithostratigraphic and even the
most widespread sedimentary marker bed may itself be
diachronous.

Given that the sequences of formations that are built up to
form subgroups cannot be regarded as time bounded
sequences, then there is no justification for suggesting that
the larger units — the Witwatersrand or even the whole of
the Dominion, Witwatersrand and Ventersdrop, may be
somehow reparded as representing chronostratigraphic
subdivisions. This is particularly the case where the major
groups differ lithologically (as in this case) as they are
obviously being recognized stratigraphically by lithological
criteria and the period during which a particular rock type
was laid down would have varied as the environments of
deposition varied (and in the case of predominantly volcanic
groups as the overall geotectonic environment varied), not
necessarily at the same rate or in the same manner from area
to area. As the Ventersdorp cannot be resolved geochrono-
fogically from the Dominion Reef (Cahen. Snelling er al.
1984), correlation with other volcanic/clastic sequences such
as the Zoetlief Group of Cape Province (Cahen, Snelling et
al. 1984) is thus purely lithologically based.

One has only to consider the problem of correlating this
sequence onto other cratons to realize the non-chronological
nature of the boundaries. In fact very few areas of the world
show any unmetamorphosed sedimentary or volcanic se-
quences of the late Archaean, although many areas (e.g.
the Lewisian of Scotland) were very active orogenic zones at
that time with complicated sequences of shelf sedimentation,
plutonic intrusion, multiple deformation and metamorphism,
culminating in a crust stabilizing event at about the end of
this period (¢.2650 Ma).

If Randian and Swazian are to be repgarded as world wide
chronostratigraphic units then the sedimentation episode of
the Scourian Cycle is probably Swazian and the rest of the
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cycle of activity is Randian. The author does not think
anyone would wish to make such a distinction and there is no
logical way of correlating any of the events which went to
make up the Scourian complex with those taking place in
South Africa on a craton which had stabilized some 200 Ma
earlier, except by radiometric dating. Even if volcanic
sequences were found on other cratons similar in nature to
the Ventersdorp there is no compelling reason why they
should he correlated with that supergroup, even if they
followed a sequence of cratonic basin quartzites. All
continental craton sedimentation will give rise to rock
sequences that are broadly similar in character. and if they go
through the same geotectonic processes of faulting and uplift
followed by gradual degradation of the marginal mountains
they are likely to contain similar sequences of deposits.
Should volcanicity occur on this continental mass it is likely to
be of similar type if due to the same overall geotectonic
controls, but on other cratons these may be operating at quite
different times.

Thus the subdivision of Randian into three units. the
Dominion, Witwatersrand and Ventersdorp is purely a local
division based upon the local circumstances that prevailed
over about 100 Ma (Cahen, Snelling ef al. 1984) to give three
distinct periods of sedimentary and volcanic deposition on a
cratonic crust. (The Limpopo (Beit Bridge) Group is dis-
tinguished by being the sedimentary unit of a gneissose
complex in a neighbouring mobile belt and does not. one
would suppose, bear any particular stratigraphic relationship
to these other groups. The complex history of that belt
{Cahen & Snelling 1984) means that the age of the sedi-
mentary protolithic succession is of unknown age so that
this member of Kent & Hugo's Randian has a very doubtful
stratigraphic position.)

The clearest analogy with Phanerozoic problems of cor-
relation is with the unfossiliferous desert sequences of the
New Red Sandstone of Europe. Here there are dozens of
well documented lithostratigraphic sequences with similar
successions in different arews but the assignment of almost
any unfossiliferous horizon to a chronostratigraphic stage is
pure conjecture. Often there are long sequences whose age,
whether late Carboniferous, Permian or Trias sic is simply
unknown. In the Permian and Triassic correlation charts
(Smith er af. 1974; Warrington ef af. 1980} there are aimost no
‘horizontal’ lines indicating that particular formations belong
with any certainty to particular stages. Precambrian litho-
stratigraphic units are. in fact, even more uncertain, as even
in the New Red Sandstone there are occasional fossiliferous
horizons which give a rough indication of age, and very rare
marine horizons which can be assigned to a chronostrati-
graphic stage.

The apparent ease with which complex lithostratigraphic
sequences can be erected and local correlations made, which
are perfectly valid and useful, had led to the assumption that
widespread ‘markers’ of lithological origin may be used to
correlate throughout the Precambrian between one con-
tinental block and another. This method has been brought to
its highest art by Choubert & Faure-Muret {1980) who have
used lithostratigraphic markers to correlate late Precambrian
successions over most of North-west Europe. North Africa
and Western America. The word ‘art’ has purposely been
used in the previous sentence because the author believes it
to be unscientific. By this method they arrived at the
conclusion that the Charnian of central England is about
1000 Ma (Upper Middle Proterozoic) and that the Con-

ception Group of Newfoundland is also of the same age
(1300-1000 Ma), (Choubert & Faure-Muret 1980, p. 188
and p. 132) despite the fact that both sequences contain
Charnia and other members of the Ediacara fauna. This is
universally accepted as a very late Precambrian fauna (less
than 700 Ma, Cloud & Glaessner 1982) and the radiometric
age data from both England and Newfoundland are all
perfectly consistent with this interpretation. A wholly
ficticious ‘rejuvenation’ of isotopic dates was resorted to, a
process which they invented to explain the wealth of perfectly
adequate geochronological data which runs counter to their
perceived correlations {(Choubert & Faure-Muret 1980,
p. 211). This ‘rejunvenation’ mechanism has, as far as the
author is aware, been ignored by all working geochrono-
logists but it must be pointed out that it is completely without
any scientific basis and needs to be dismissed along with their
correlations. The fact that their correlations are also
apparently based on microfloral assemblages (Timofeyev et
al. 1980) is discussed helow. Their general method of
correlation 1s ‘based on facies comparisons and on strati-
graphic successions. For such comparisons to be valid, the
observations must be made in the field by the same person or
persons, as the geological language is not sufficiently specific
to describe the nuances of these facies” {Choubert & Faure-
Muret 1980, p. 212). There is no doubt that the reliance upon
lithostratigraphic comparison and dismissal or disregard of
accurate radiometric data has led to a highly confusing set of
correlations. some of which may be perfectly valid, but since
others are clearly wrong it throws in doubt their whole
methodology. This has resulted from a complete mis-
understanding of the role of lithostratigraphic correlation in
the Precambrian. Marker horizons may exist locally, but
without independent corroborative data, either biological or
geochronological, the equivalence of two similar occurrences
of the same type of unit, or the same sequence of units, must
not be assumed. This is particularly true when the facies
being correlated are part of geotectonic cycies which may
repeat themselves many times within a short period. Cycles of
activity which take 20—30 Ma (i.e. many parts of orogenic
cycles) may be easily miscorrelated in the immensity of the
hundreds of millions of years of the Proterozoic.

Lithostratigraphic usage

Kent & Hugo's paper (1978) illustrates another facet of
Precambrian stratigraphic usage which is overdue for
rationalization. Stratigraphic nomenclature of rock groups in
the Precambrian has always been bedevilled by a plethora of
names for the major units, viz: system, group, sequence,
succession, assemblage and series which have often been used
indiscriminately over a long period. Despite making a
commendable attempt to modernize the South African
Precambrian usage Kent & Hugo (1978) still retain ‘sequence’
for some lithostratigraphic usits and ‘group’ or ‘supergroup”
for others.

The authority for this usage is that the term sequence was
suggested as an informal chronosiratigraphic unit for a ‘great
aggregation of strata lying between major regional uncon-
formities and frequently comprising rocks of several systems’
(Hedberg 1971). This is applied by Kent & Hugo to the
Karroo, which exactly fits with the above suggestion, but in
the Precambrian there seems no way of distinguishing a
sequence from a supergroup since systems, or any other
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chronostratigraphic subdivision, do not exist. It could.
perhaps. be argued that an informal term like sequence is
appropriate for af/ major Precambrian subdivisions but in that
case each of the supergroups and major groups of the South
African column should be referred to informal chrono-
stratigraphic sequences, and there would seem to be no
greater validity for their newly erected eras than for such
sequences — both are simply terms for ‘the time during which
a particular supergroup was laid down’.

There is no doubt that much of the older confusion and
complexity is due to the fact that many named Precambrian
rock sequences are metamorphosed, and workers were loath
to commit themselves to a standard lithostratigraphic nomen-
clature. It is proposed below to have a separate nomen-
clature for those rock bodies which are so  deformed
and metamorphosed that a lithostratigraphic name is in-
appropriate, but the corollary to this is that aff sequences
which are thought to be in undisturbed stratigraphic continuity
should be named according to the standard lithostratigraphic
nomenciature.

The subsequent equation of a Precambrian era as the time
during which a particular supergroup was deposited has no
particular merit; it can only be a local chronostratigraphic
unit and is not based on the same rationale as Phanerozoic
eras. There is some merit in the informal use of sequence and
this would seem a logical way forward, but after its first
appearance as & recommendation (Hedberg 1971} it has not
been mentioned in subsequent ISSC publications (e.g.
Hedberg 1976} and the term seems to have dropped out of
favour,

Precambrian biota and Precambrian
chronostratigraphy

Recent 1IGCP projects have been attempting to correlate
Precambrian successions, but they have not been noticeably
successtul. The Middle and Late Proterozeic holds out most
hope of correlations being effected by biostratigraphic means
(Bertrand-Sarfati & Walter 1981; Vidal & Zoubek 1981) but
review volumes published recently (Precambrian Research
1981 v. 15, No. 1 and No.’s 3—-4; v. 18, No. 4) reveal no
means of correlating the detailed successions described for
China, USSR, Australia. Canada and Europe. However,
these papers indicate that this is a rapidiy developing field of
investigation and that rigorous methods. both taxonomic and
stratigraphic. are being applied. fiolding out hope of a
marked improvement in reliability in the future.

The slow rate of change within the Precambrian biota may
mean that eventually it will be possible to define three or four
major changes in the organisms to subdivide Precambrian
time into major subdivisions {Eras} but there is no reason to
suppose that these will approximate to the ages arbitrarily
decided for the Early. Middle and Late Proterozoic
boundaries {Sims 1980}. A biostratigraphic sequence for the
Precambrian must be largely built up by reference to a
chronometric scale., as many lithological sequences with
biological material have unknown stratigraphic relationships
with other lithological sequences. However. there are very
few lithostratigraphic sequences which are accurately dated
by radiometric means so that the relationships between
known biozones are not always clear. The dangers of un-
controlled correlation by microflora is well illustrated by
the highly confused results obtained by Choubert & Faure-

Muret {1980). Although purporting to use acritarchs and
other microflora to correlate between the late Precambrian
sequences of north-west Europe, their correlations are so
consistently at variance with high quality radiometric data that
it can only be assumed that the acritarch zonal scheme which
they are using is based upon wrongly dated or poorly dated
sequences.

The development of microfloral zonal schemes for the
Proterozoic will have to be much more securely grounded on
sequences of well dated rocks in undeniable upward
sequences if they are to be of use. Unfortunately such
sequences are relatively rare. Despite the apparent simplicity
of many Precambrian successions and the agreement about
the relative age of quite large groups of rock these are most
frequently entirely inferential. In the British Precambrian it
would be true to say that the relative ages of the Torridonian,
Moinian, Dalradian. Mona. Longmyndian and Charnian
(Wright 1980) are all unknown, yet their relative positions in
the late Precambrian column are all widely accepted. This is
almost entirely based now on radiometric data, since they are
all separate structural entitites and their actual stratigraphic
relations are unknown. Because they are largely from
different geotectonic environments it is likely that [ithological
correlation will never solve their interrelationships. For this
reason collecting microfossils from these groups will be
unhelpful for the purposes of making a zonal scheme, which
should be attempted only on sequences which can be seen in
structural continuity.

The paucity of palacontoiogical data from the Precambrian
is partly due to a lack of micropalaeontological study — there
is no doubt that a tfar wider coverage of the Precumbrian
stratigraphic column will be obtained by micropalaconto-
logists in the future — but there is also a real lack of data: for
example, the number of outcrops of rocks containing the
Ediacara faunas is cxceedingly small and the problem of
finding an ‘ideal” place to make a stratotype for the base of
the Vendian or Ediacaran {see below} is correspondingly
greater that at the base of a Phanerczoic system where there
are literally hundreds of outcrops worldwide where intor-
mation relating to the base of the system may be found.
There may be many more rocks with Ediacaran faunas
waiting to be discovered. of course. The relatively recent
discovery of an Ediacara fauna in Newfoundland {(Anderson
& Misra 1968} in a well-studied area with an enormous
thickness of fate Proterozoic unmetamorphosed sediments,
indicates that preservation combined with the existence of an
environment favourable for the development of the fauna in
the first place, limits very considerably the number of places
where an Ediacara fauna is likely to be discovered — plus of
course the fact that they are trace fossils rather than body
fossils.

Cloud & Glaessner {1982} have, however, suggested that a
new systern {the Ediacaran} be instituted with its standard
reference - section the Ediacara Hills of South Austraiia.
However, they do define the new system as ‘that geological
interval characterized by the soft-bodied, macroscopic marine
invertebrates of the Ediacara fauna and allied forms™, using a
concept for the definition of the system rather than a
stratotype sequence. They incidentally reject the term
Vendian (which has previously been favoured as a candidate
for the latest Precambrian system) on the grounds that it is
widely considered to include a late Proterozoic glacial episode
which Cloud & Glaessner repard as being below the earliest
appearance of metazoans and would thus conflict with their
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‘concept’ definition of the sysem. There would seem to be
good grounds for approving of this definition since the major
problem in the definition of the Vendian has always heen
what character to use to define its base. Since the Vendian
has been regarded as including both the metazoan fauna and
the tills beneath. in non-glaciogenic sequences or long
sequences that contain several giacial episodes the precise
position of the base is obscure.

Even more difficulties arise with the use of Riphean.
Although the term Riphean has been used in the USSR. for
many years as a chronostratigraphic term, its usage has
changed with time (sometimes including Vendian as a suh-
division, at other being the pre-Vendian. Upper Proterozoic)
hut it covers a long period of the Proterozoic {c. [60) — 600)
and lower, middle and upper divisions have been suggested.
However. no precise definition of these boundaries has been
produced which has won widespread acceptance. and there
scems little possibility of petting agreement to a chrono-
stratigraphic term which has had such a chequered and
confusing previous usage and which cannot be precisely
defined.

Certainly the sequence of stromatolites detailed by, for
exampie, Semikhatov (1980). can only be used when the type
sequences in which they occur have been accurately dated
(and the data on which the dates are based are quoted in an
acceptable scientific form).

Thus any advance in chronostratigraphic terminology of the
Precambrian must be preceded by international agreement on
the method of defining the base of each unit, and. if trace
fossils or microflora are to be used, a considerable program
of investigation will have to be undertaken and much more
extensive dating of the bedded sequences that contain the
flora will be necessary, to enable correlation to be based on
an outside scale.

Crystalline complexes in the Precambrian

The major problem with trying to subdivide Precambrian
rocks, however. lies in thé predominance of crystalline
gneissose complexes as representatives of mappable Pre-
cambrian. Any subdivision of the Precambrian which ignored
these rocks will be of limited application. It is not simply a
question of part of the rock record being metamorphosed —
there is the well-documented dichotomy between the high
grade pranulite facies shelf-volcanic sequences of the
Archaean and the fow grade greenstone belt sequences; they
seem to have formed in two entirely separate geotectonic
environments and it seems unlikely that correlation will be
possible between them by tracing undeformed sequences
mto the ‘mobile belt’ as may be possible with more recent
orogenies. Similar problems will beset correlation between
the cratonic undeformed sequences of most of the Pro-
terozoic with the rocks forming in the Proterozoic orogenic
belts many of which contain no recognizable Proterozoic
sediments (Wright 1980).

These gneissose belts do not lend themselves to normal
stratigraphic nomenclature, although increasingly they are
being thought of as bodies of rock which have gone through a
series of events which can be ordered in time. There is thus a
‘stratigraphy’. or a sequence of events. to be determined.
These events bear little relationship to classic stratigraphic
divisions which are essentially periods of sedimentation. In
gneissose complexes it is other events, intrusion, deformation

and metamorphism, which predominate in the history. One
consequence is that the rock units are not simply a result of
one process and it may not be possible 1o recognize litho-
logical units separately from their tectonic identity. In these
cases it is suggested that a lithotectonic heirarchy of terms be
used in mapping. The use of such terms would imply that a
lithostratigraphic term is not applicable because of too strong
a deformation or metamorphism and that no time sequence is
suggested by the superposition of one lithotectonic unit on
top of another. The terms division and assemblage are
suggested roughly equivalent to group and supergroup. No
term equivalent to formation has been put forward although
unit is possible. It is likely that rock names such as pelite or
guartzife would be generally used at the ‘formation’ level,
although terms such as ‘gneiss’ are not recommended (see
below).

Dividing gneissose belts in terms of time has also
developed traditional terms and it is suggested that these are
also formalized as cycle, episode and phase. These terms
would refer to the development of a metamorphic complex
over a period of time in a particular place. Correlation of
adjacent gneiss complexes with a given cycle depend not only
on the time during which the cycle developed but also
whether it was likely to have been in structural continuity
with the named cycle. The concept of orogenic or tectono-
magmatic cycles has proved to be a fruitful one in the
investigation of gneissose complexes and it is felt that a more
standarized way of defining them may bring a clearer
understanding of the relationships. It must be explained that
such cycles are not seen as a step towards erecting a Pre-
cambrian chronostratigraphic column — they may be related
to one but their names should never be used as subdivisions
of Precambrian time since they are by definition of local
extent and the time of the climax of such cycles of activity
would not be expected to have any but a locul significance
and may be diachronous along the length of a gneissose
complex.

The *chronostratigraphic’ scale of the Canadian Geological
Survey (Douglas 1980: Stockwell 1982} is apparently defined
in terms of orogenic cycles but the end of each cycle is
recognized by a major unconformity at the base of a
subsequent lithostratigraphic group, which may then hecome
involved in the next orogenic cycle. This method of sub-
dividing Precambrian complexes has always been used in
Canada (and many other parts of the world) and may be
regarded as one of the classic methods by which our
knowledge of Precambrian rocks has been advanced. Harland
(1983} suggests that the base of these lithostratigraphic units
could become the marker horizons for the erection of a
Proterozoic chronostratigraphic scale. The advantages and
disadvantages of this development are discussed below, but
the proposals in the present paper are specifically against
using orogenic cycles as a basis for subdividing Precambrian
time. Although gneissose complexes can only be realistically
subdivided by recognizing the effects of different orogenic
cycles within them, it is hoped that these cycles can be
regarded as structures developing at a particular time and
place which it will be possible to relate to an entirely
mdependent chronostratigraphic scale.

Chronotectonic Terms

The cycle is a concept which is limited in both time and space.
In the present state of our knowledge of the workings of the
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Earth it seems likely that what have previously been called
cycles are sedimentary, metamorphic. intrusive and tectonic
events taking place near a continental margin during sub-
duction and sometimes collision. This can only take place
{considering plate-tectonic processes) in continuity along one
continental margin at a time, so that one cycle is unlikely to
be world wide in extent, e.g. the Alpine Cycle could be
defined to include the Alpine chain through the Himalayas
and beyond but would not include the Rockies and the Andes
{although they may be developing at the same time they are a
different structural entity).

A cycle is a sequence of metamorphic. igneous and tectonic
events related to each other in time and space, perhaps
preceded and succeeded by periods of sedimentation {e.g.
fiysch and molasse). allied in their evolution to the tectono-
metamorphic event. Problems may arise in naming cycles
where two continental margins of contrasted bistory coilide.
In Britain the Late Precambrian to Early Palaeozoic history
illustrates this point well {it also has the advantage of bio-
stratigraphic control in the later events). To the south-cast a
Celtic Cycle was active from about 750 Ma to Early
Cambrian, the climax of the orogenic activity probably being
about 650—600 Ma, sedimentation of the Caledonian Cycle
beginning with Lower Cambrian rocks unconformably
overlying the Celtic volcanic arc. In the north-west the
Grampian Cycle was active from about 700 Ma or earlier to
Early Ordovician, the climax of the orogenic activity being
about 5} Ma and the sedimentation of the Caledonian
(or Erian} Cycle beginning in Early Ordovician time. In
both areas the Caledonian Cycle reached its climax in Late
Silurian/Early Devonian time and was followed by Old Red
Sandstone molasse as the last part of the cycle. If sedi-
mentation episodes are to be included in the Caledonian
Cycle (and this has been the usage by most workers so far),
then the length of the cycle would be different on either side
of the Caledonian suture. As continental margins by their
nature have independent histories. this is likely to be a
general feature of all orogenic belts caused by continental or
microcontinental collision.

In any one area the whole of Precambrian time is not likely
to be represented by active cycles (i.e. the beginning of one
cycle does not necessarily follow immediately after the end of
the preceding cycle) so both the beginning and the end of the
cycle should be dated as accurately as possible. Although
closely connected with orogeny the cycle is not defined as an
orogeny {to avoid possible changes in our knowledge of the
mechanisms of Precambrian crustal genesis) but the climax of
the cycle may be called. for example. the Grenville Orogeny.
If only an orogenic episode is recognized then the two
become synonymous (cf. Bowes 1968, 1980).

The cycle may be subdivided into episodes and these
episodes into phases and possibly phases into events. If the
early sedimentation of the Laxfordian Cycle is now
represented by the Loch Maree Assemblage of supracrustal
schists this could be cailed the Loch Maree Episode of the
Laxfordian Cycle (meaning a sedimentary episode). The
terms episode and phase. used with any of the names selected
for metamorphism, plutens, folds ete., imply a time (or at
least a position in a sequence) as well as the specific character
of the event.

Dating

More refined analytical techniques have in recent years

meant that much more accurate dating of Precambrian
complexes has become possible. With the closer co-operation
between the geologist and the geochronologist in the
selection of appropriate rocks for narrowing down specific
events, it has become possible to differentiate between
different metamorphic phases within one cycle {Hopgood et
al. 1983). It is still hkely that an orogenic episode may
normally only be assigned to a single date (within errors)
although early and late phases may be sufficiently distinct in
time and have sufficiently distinctive marker events which are
radiometrically datable to enable the span of an episode to be
dated within one area. This has only recently become possible
and older discussions (about the precise meaning of Gren-
villian for example) were so bedevilled by the lack of both
detailed gneissose ‘stratigraphy’ and lack of refined geo-
chronological data that they are now of only historical
interest.

It would not, however, seem appropriate to define a cycle
rigidly in terms of ages as these may so easily be subjected to
later revision on geological as well as pgeochronelogical
grounds.

Definition

A cycle should thus be defined as a cognate sequence of
geological events in a specific (fairly broad} area with an
indication of the likely extent laterally and with a type area
suggested where the development of the cycle may best be
recognized. This should include the rocks which have been
dated and although the dates are a significant part of the
definition it is the series of events that define the cycle and if
later geochronological work suggests that these events all
took place at a different time then the age of the cycle must
be changed (or the cycle might be recognized as belonging to
a cycle previously defined elsewhere). There is no doubt that
‘cycles’ will be less secure stratigraphic entities than tra-
ditional stratigraphic units and much more likely to later
revision or rejection.

Orogenic cycles have been widely recognized for a number
of years and it is suggested that as far as possible a chrono-
tectonic cycle should be analogous to these. i.e. sedimentary,
tectonic and morphogenetic episodes should be apparent.
The episodes making up the cycle should thus be defined in
terms of a specific character ({sedimentation, folding.
metamorphism) at a specific time. and a type area for their
development be stated.

Lithotectonic terms

Although metamorphic complexes may have several different
mappable boundaries drawn through them. none of these are
recognizably successive, time-controlled zones. Each type of
boundary (tectonic shear zone, metamorphic mineral zones,
boundaries between schistose units} may be representative of
distinct events in the formation of the complex. but they do
not represent on the map a ‘time” plane, like the bedding
plane of normal lithostratigraphy. The mappable units of
metamorphic complexes should thus not be defined in normal
lithostratigraphic terms. It is axiomatic that workers in
gneissose complexes, aithough mapping shear ‘zones’ and
metamorphic ‘zones’ have never regarded these lines as
stratigraphic in any sense although the event may have a time
significance. (It seems necessary to state this here in view of
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replies given to various questionnaires on Precambrian
stratigraphy.)

Unit is suggested for a lithological entity that is mappable
and cannot be assigned to the nommal lithostratigraphic
heirarchy of formation, group and supergroup due to
tectonism, metamorphism or both. Individual units may be
called by a lithological name, psammite, pelite, marble,
metadolerite etc., with or without the term Unit e.g. Dorlin
Pelite Unit. A unit does not have to be of uniform lithology
(although it would normally be so} but should certainly be a
tectonic unity (i.e. should not contain any obvious major
tectonic  discontinuity within it). Since the origin of
metamorphosed rocks is not necessarily sedimentary, both
igneous and sedimentary precursors are possible and the term
‘Unit' does not imply anything about its origin.

One or more units may form a Division. The Units may or
may not be recognized to be in stratigraphic continuity
although they would normally not be so (otherwise
lithostratigraphic terms could be employed). If the rocks are
above staurolite grade metamorphism it seems unlikely that
such continuity would be provable and lithotectonic terms
would seem most appropriate. Despite beliefs to the contrary,
any group of rocks at high metamorphic grade may contain
unseen thrusts or isoclinal folds which repeat. mvert or
otherwise distort the lithostratigraphic sequence. As high
grade metamorphic rocks are the hallmark of an orogenic belt
and as such structural complications are also typically
developed at an early stage in many belts, to suggest that
granulite facies rocks (for example} preserve an undisturbed
stratigraphic sequence is fatuous. They may. of course. do so,
but it is impossible to determine this and a lithotectonic
terminology is thus to be preferred. Where banding is
probably not depositional (i.e. most gneisses) lithotectonic
terms are imperative as lithostratigraphic terms are entirely
inappropriate. Many gneisses are regarded (often quite
wrongly!) as of igneous origin and the term ‘division’ may
equally be applied to-rocks with an igneous as well as a
sedimentary origin.

Several divisions, if associated with each other in a tectonic
sequence, may be termed an Assemblage. The several
Divisions of an Assemblage are normally nor in provable
stratigraphic conformity and may indeed be lateral
chronostratigraphic equivalents,

Terms for gneiss precursors

This represents not only one of the most contentious issues
but one which, if it can be agreed, will greatly clarify dis-
cussions about metamorphic complexes. For most gneisses
there are several events in its evolution which are of interest;
the time of original formation (e.g. as a sedimentary sequence
or an igneous plutonic complex), the time of metamorphism
and any subsequent metamorphism, and the time of uplift and
emplacement into the structural position within the orogenic
beit in which it is now found. Different methods of radio-
metric dating may reveal the first of these (particularly for
igneous precursors), the time of metamorphism (though
usually only the last major metamorphic phase) and the time
of uplift, During discussions of such determinations a set of
terms for the sedimentary precursor and the igneous
precursor components of a gneiss complex would be very
useful. One possibility is to use normal lithostratigraphic
names, such units simply being called, e.g. the Blacktown
Group (for the sedimentary precursors) or the Greenbay

Granite (for the igneous precursors). This would mean
erecting formal stratigraphic names for rock groups which do
not, in fact, now exist. [ think this would be generally
regarded as inadvisable. There seems to be no case for having
a hierarchy of terms for two such nebulous entities so the
terms Protolithic Succession and Protolithic Intrusion are
proposed to signify those sedimentary and igneous rocks
whose deposition or emplacement represents the earliest
event recognizable in a crystalline complex. Where the type
of precursor is unknown, Protolith may be used unqualified.
It seems logical to suggest that the geographic name assigned
to the Protolith should be the same as that used for the
Assemblage or Division mapped. As an hierarchy is not
suggested the precursors to the Moinian Assemblage of
Scotland, which is divided into the Morar, Glenfinnan and
Loch Eil divisions would be designated the Moine Protolithic
Succession, the Morar Protolithic Succession, the Glenfinnan
Protolithic Succession and the Loch Eil Protolithic
Succession. The Ardgour Granitic Gneiss, which would be
termed the Ardgour Division in this nomenclature, would
have been derived from the Ardgour Protolithic Intrusion
and has been converted into a gneiss during an (unnamed)
metamorphic episode.

Usage of the term gneiss

It is proposed that metamorphic rock names with textural
implications, e.g. gneiss, schist, mylonite, should be taken to
indicate, tectonostratigraphically, the time of formation of
the metamorphic rock, i.e. the time of metamorphism and
deformation. Thus a Laxfordian Gneiss is a rock formed
during the Laxfordian Cycle by gneissification of pre-existing
rocks. The gneissification may have affected older basement
as well as newer supracrustal sediments and igneous
intrusives. All would be termed Laxfordian Gneisses if now
gneissose. In the same way Caledonian Mylonites could
include mylonized Archaean, Proterozoic and Palacozoic
rocks. The name then says nothing of the age of origin of its
protolith, simply the age at which it became a gneiss or
mylonite.

Naturally, there may be cases of polymetamorphism which
do not include a second period of gneissification. Thus the
Scourian Gneisses may be subjected to a Laxfordian
Metamorphism which does not destroy the Scourian
gneissosity {they are then still Scourian Gneiss. although the
retrogression may well result in a Laxfordian age being
obtained). In polymetamorphic terrain it is much too
simplistic to ask ‘What is the age of this rock?’, or ‘Is this a
Laxfordian rock?’. It is necessary to learn to recognize the
multiplicity of features that indicate a complicated history and
try to deduce the sequence of these and ultimately correlate
these features with a chronologic scale and 1o use terms for
their nomenclature which are clear and logical. Frequently
usage has been to use the term gneiss for a whole complex,
e.g. Annagh Gneiss Complex and to designate individual
rock types within it as gneisses also, e.g. grey gneiss, but
sometimes individual mappable gneiss units have been
designated by a place name. The usage recommended here
would be to call the whole complex the Annagh Division and
the individual mappable unit by a place name and the term
unit, €.g. Mullet Unit. The period of metamorphism which
gives rise to the gneiss would generally be named after the
cycle as would the gneiss so formed, so if the Annagh
Division was formed during the Mayo Cycle the gneissosity
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would be produced by the Mayo Metamorphism to give rise
to the Mayo Gneiss.

The naming of metamorphosed igneous intrusions

In many crystalline complexes igneous rocks are intruded at
many times during their development. Those formed early in
the sequence of events become strongly deformed and may
be converted to gneisses. The terminology of these is dealt
with above. Those intruded later may still he metamorphosed
and their mineralogy changed to a metamorphic paragenesis
either throughout the intrusion or in part, yet may still retain
their cross-cutting relationships. It is clearly illogical and
unhelpful to refer to these by their metamorphic rock name
{e.g. amphibolite) as the stratigraphically important feature is
their igneous intrusive origin. They should therefore be
named in the same way as post-tectonic or anorogenic
intrusions, e.g. Oxford Dolerite or Oxford Dyke. If the
former is unacceptable (because it is not now a dolerite) then
metamorphosed Oxford Dolerite should be used. as Oxford
Amphibolite would not indicate {necessarily) its igneous and
intrusive nature, and Osxford Amphibolite Dyke may be
regarded as incorrect. as it was never a dyke of amphibolite
but a dolerite dyke that has been converted to amphibolite.

Precambrian stratigraphic subdivision —
conclusions

It has been suggested above that normal stratigraphic
procedures, i.c. the erection of stratotype sequences, would
be unworkabie if they were the means of defining a Pre-
cambrian stratigraphic column. This is due to:

1. A paucity of flora and fauna, so that only very broad
biostratigraphic zones are now possible, In any case the
fossils are found in a very small proportion of Precambrian
rocks.

2. A lack of any other widespread time markers of sufficient
accuracy to be used. Various markers have been proposed —
tillites. the incoming of red beds. changes in the earth’s
magnetic field — but at the present time and for the forseeable
future it will not be possible to use these as accurate markers.
3. The errors in radiometric dating are often so large in the
Archaean and Early Proterozoic {of the order of 30 Ma) that
whole cycles of earth activity are likely to be encompassed
within the [imits of error of a single age determination. The
accuracy of measurement has improved with time and with
new methods this may be brought down te better than five
Ma (U/Pb and Sm/Nd methods are giving dates of this order
of accuracy at 2000 Ma at the moment}, but the geologicai
errors will always be more difficult to quantify in the complex
geological situations of many Precambrian outcrops.

4. The immensity of Archaean and Proterozoic time means
that the methods used for Phanerozoic stratigraphy hecome
unworkable when applied to rock sequences that represent
only a small part of the available chronologic record and do
not contain sufficient distinctive characters to allow multiple
(or any) correlations between different sequences.

The use of radiometric dates in the definition of chrono-
stratigraphic divisions of the Precambrian is ‘unjustifiable’
according to most stratigraphers {e.g. Holland 1978, p. 89}
and the unconformity is the ‘worst possible boundary™ for a
chronostratigraphic unit {Hedberg 1976, p. 84). Thus the
boundary of the Archaean and Proterozoic, agreed recently

as 2500 Ma (James 1978) and the proposed local South
African chronostratigraphic units (Kent & Hugh 1978}, which
have met with approval as a local chronostratigraphic
standard, are not in accord with standard stratigraphic
practice.

The proposals to define the major boundaries of the
Archaean and Proterozoic by reference to a particular time
(James 1978; Sims 1980} are seen simply as a way out of the
impasse confronting Precambrian stratigraphers. Because of
the lack of diagnostic characters in Precambrian sequences
there is no rock-based method available for correlating
between sequences (which is the entire basis of Phanerozoic
stratigraphy) and radiometric dating is the only avaiiable
method of correlation. Thus, until certain definable
characters have been recognized in the Precambrian rocks,
which it is possible either to date or to correlate. then the
definition of the major boundaries as a particular date is the
only way of having defined terms of world wide use which are
timmediately comprehensible. It is, after all, only using as the
basis of the chronostratigraphic units the only reliable method
by which correlations can at present be made.

It is suggested in this paper that eventually the major
boundaries should be defined by the character of an event.
For example, it has recently been suggested that an
Ediacaran System be defined by the appearance of the
Ediacara fauna of soft bodied animals {Cloud & Glaessner
1982). Such an event is likely to have been rapid compared
with errors in radiometric age dating and to have spread all
over the world relatively rapidly.

The event which separates the Archaean and Proterozoic is
less simple to define, but there is a major body of opinion
which regards the processes of crustal evolution of the
Archaean as differing in many respects from those found in
the Proterozoic. The principal difference is the occurrence of
extensive linear orogenic belts. This is such a gross distinction
that it will be observed only when large areas of Precambrian
crust are considered and it cannot be equated in any way with
the boundary-stratotype form of definition. Most workers are
apgreed that there is a difference between Archaean and
Proterozoic even though Archacan and Proterozoic have
never been satisfactorily defined. Others will seriously
contend that the boundary between the two is {a} a time band
rather than a time plane or (b) diachronous — the change
taking place later in one area than in another. As there has
never been any attempt to define what the houndary is, i.c.
what character of the rocks or other change is being used, this
seems a very curious position to be in. It seems that those of
us working on Precambrian rocks are deciding where
boundaries should be by consensus as to where people think
they should be., before trying to define what it is we are
reaching a consensus about.

Thus the definition of the Middle and Late Proterozoic
boundaries as fixed points chronologically {Sims 1980} only
has merit as an interim measure, so that we may use these
terms as shorthand for post-2500 Ma, pre-1600 Ma, etc., but
they will have no other meaning or implication. This should
surely be simply a stage in the process of trying to discover
major changes in the behaviour of the Earth, or in its bio-
logical or magnetic record that are sufficiently distinctive to
enable correlation to be made world wide. These changes
should then be used as the boundary markers for a chrono-
stratigraphic column that may be applied to local litho-
stratigraphic successions. Properties that are possessd by
igneous rocks {such as magnetic propertics) would seem to be
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the most useful for correlating between the cratonic
supracrustal sequences and the mobile belts which occupy so
much of the Precambrian shields, so that such methods seem
to hold out more hope of eventual adoption for the purposes
of Precambrian stratigraphic subdivision than bioclogical
correlation.

There is, however, considerable scope for future palaeon-
tological research in the Precambrian and recent attempts at
Upper Proterozoic subdivision schemes based on bio-
stratigraphy (Bertrand-Sarfati & Walter 1981; Vidal &
Zoubek 1981) indicate the potential both in stratified deposits
and also to a limited extent in metamorphosed sedimentary
sequences. The problems of interpretation of these micro-
floras in such rocks are considerable (Zoubek 1981} and it is
important to correlate on the basis of the fossils rather than
on other criteria as well, or we will be in grave danger of
circular arguments to prove, for exampie, that the Vendian
tillites are all the same age.

Many of the arguments put forward in this paper are
advanced by James (1978, 1981} who also suggests that
biochronology even in the Late Proterozoic may only be
accurate to within a few hundred million years. Trompette &
Young (1981} have also concluded that ‘it is not clear that
definition of stratotypes will in fact significantly advance our
understanding of the Proterozoic’. Therefore it seems
reasonable, for the time being, to use the terms Archaean
and Early, Middle and Late Proterozoic for broad divisions of
Precambrian time and to define them in terms of radiometric
ages. There is pgeneral agreement that the Archaean
Eonothem shows many differences from later rocks but until
these can be defined more accurately. or at least a definition
internationally agreed upon. there is no basis for deciding
where this boundary should be placed by other means than an
agreed radiometric age.

With regard to subdivisions of tbe Proterozoic, although
widely subdivided there has heretofore been no logic in such
a suhdivision as there are no major differences recognized
between the three subdivisions. The only subdivision which is
widely recognized is at the system level, where the Vendian
was virtually accepted as the last system of the Precambrian,
although its lower boundary has not been accurately defined.
General usage accepts a tillite sequence as the lowest
‘feature’ of the Vendian. It remains to be seen whether a
more closely defined system. the Ediacaran (Cloud &
Glaessner 1982}, will win more general acceptance.

A recently published geologic time-scale {(Harland ef al.
1982) proposes a set of chronostratigraphic names from a
wide variety of continents. They suggest that these divisions
will eventually be defined ‘where there are good stratal
characteristics for correlation™ and this seems the logical way
forward. However, it seems premature to suggest names for
divisions before those good stratal characteristics have been
found and without stating what they might be. They give a
detailed discussion of the merits of various names for parts of
the Late Proterozoic (Riphean. Sinian, Vendian, Sturtian,
Ediacaran, etc.) pointing out that many of the names have
been used with different meanings by different authors and
then suggest a subdivision of the Late Proterozoic which is in
reality simply another set of ‘meanings’ for these names
without any attempt to define the new names in terms of
stratal characteristics.

More recently Harland (1983) has suggested that the
Proterozoic chronostratigraphic scale may be gradually
evolving by usage {in Canada} to approximate to the original

definitions of various Canadian lithostratigraphic groups. The
major boundaries are in fact the classic unconformities {e.g.
Keeweenawan, Huronian/Algonkian) which have been used
to subdivide the Precambrian of the Canadian Shield for
nearly a century. Such a scale would have the advantage of
being defined in rock and Harland suggests that such
reference standards could be correlated with sequences
elsewhere in the world by ‘magnetic, isotopic, climatic,
biostratigraphic, geochemical or any other means'. Such
standards, based on major unconformities, still do not have
any correlatable characteristic and this seems to be an
identical solution to that proposed by Kent & Hugo (1978 —
see above) and there would seem to be no basis for recog-
nizing the boundary outside the type area. Indeed if an
unconformity is found elsewhere of approximately similar age
the boundary will tend to be taken at the unconformity
regardless of its true position.

It would seem more logical to defer any naming of
Proterozoic eras or periods until distinctive differences have
been recognized either in microbiota or other geological
criteria, and it would be pointless to agree to names for
Early, Middle and Late Proterozoic time based upon the
agreed dates (Sims 1980) as such names will be necessary
when actual changes seen in rocks are used as the basis of
subdivisions. The use of local chronostratigraphic terms —
e.g. the eras of Table 1 (Kent & Hugo 1978), which are based
on lithostratigraphical sequences — have no chronostrati-
graphic use outside the immediate area of delinition and
seem to add nothing useful to Precambrian stratigraphy and it
is suggested that the informal term “Sequence’ be used if a
chronostratigraphic equivalent to Supergroup or Group is
desired.
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Some key rules for the calibration of the numerical
time-scale

G. S. Odin

SUMMARY : The huilding of an acceptahle numerical time-scale. in whele or in part, is a complex
matter. At the present time, it is often impossible to ohtain even a nearly correct ligure on which
everyone can agree. This is often due to the sclective rejection of data which, although considered

96 unsatisfactory by some are accepted by others. and hy the existence of data which appear at the time
UNég g to be mutually incompatible. However, it is possible to draw a series of recommendations which could

help in obtaining a result less open to criticism.

As a general scheme, a fully documented time-scale {2 certainly megalomaniac aim) can only be
obtained after a long itinerary of research comprising essentially four stages: (1) the collection of
puhlished data; (2) the evaluation of individual data: (3} the combination of data; (4) the drawing of
conclusions: this paper summarizes the author’s attitudes to these problems.

Collection of published data

There are two approaches to the collection of available
data. The easiest is to search for and quote original papers.
However, with some old results this leads to the con-
sideration of results which. in the light of recent develop-
ments, particularly during the last decade, are of dubious
value. It is hetter therefore to try to re-evaluate, when
possible, old data using modern standards for stratigraphy,
geochemistry and analytical methodology. This approach tries
to realize a completely new re-assessment coupled with the
inclusion of new data. It has been attempted in the past on
two occasions: the joint meeting of the Geological Societies
of Glasgow and London in 1964 and my own recent work
(Odin 1982a). In both resulting documents, one may find a
large number of possible calibration points more or less fully
assessed or reassessed. The common problem for both of
these works was to obtain pristine and unhiased information.
The most important lessons to be learnt from these efforts
seem firstly to be exhaustive, and secondly to select the most
recent information on a given subject.

Exhaustivity

This aim can rarely be perfectly attained: however. the
resulting selection has to try to review all the most complete
and sufficiently accurate studies. A complete study needs to
clearly examine the problems quoted helow. It is sometimes
useful to quote a result used in the past, even if someonc
personally considers the datum unreliable, just to show why it
seems to be unreliable. On the other hand, unpublished
results can hardly be quoted without details. If one needs to
quote new results, a full statement and discussion is needed.
The proposed synthesis then becomes the basis for puhli-
cation of new informative results.

Selection of most recent results

Any geochronologist interested in the application of age
determination to stratigraphy knows examples of the
necessity of re-cvaluating old results in the light of new
calibration procedures or analytical results, new strati-
graphical discoveries, or new interpretations of the signi-
ficance of the data. The best criterion for assessing the value
or otherwise of an earlier published datum is the latest

opinion of the authors themselves on their own resuits. The
best way to know of such opinions is. therefore, to question
the original authors. In the authors’ recent work (Odin
1982a} this approach was applied and it resulted in a rich
collection of new information modifying many previous
conclusions. The author does not intend to suggest that the
best possible opinion on a series of radiometric data is
necessarily that of the authors of the measurements but only
that, when different results or interpretations have been
successively given by these authors, the latest interpretations
and results must be considered to be better than previous
ones.

Individual evaluation of the data

This second stage cannot be achieved without access to
complete information relating to stratigraphical problems,
geochemical problems, and analytical problems (see Odin
1982b, p. 3—16). Stratigraphical problems occur especially
with the more recent samples {post Jurassic) for which the
absolute analytical precision is often very good compared
with the biozonal correlation uncertainties. For this reason,
the radiometric data obtained from areas where the type
localities were defined will have more weight simply hecause
correlation and extrapolation considerations are not
necessary. In any case, the presence of useful diagnostic
fossils in, or near, the dated formations should be clearly
indicated and discussed, as well as other geochemical or
geophysical lithologic characteristics sometimes used for
correlation in recent years (see Odin et /. 1982). One may
note that specific difficulties occur when stratigraphic de-
finitions are frequently changing, especially, for example. the
recent multiple biozonal redelinitions of stage boundaries
within the Tertiary Era. The best solution may be to try to
return to the original lithostratotype definition as the first
order reference of correlation, if only to speak a common
language.

The geochemical problems are those which may modify the
interpretation of an apparent age. They relate the non-
conformity of the geochronometer to the theoretical model of
accumulation of radiogenetic isotopes in a perfectly closed,
initially empty, ‘box’. They have been subdivided into
genetical problerms which concern the moment of closure and
the actual isotopic ratios at that time, and historical problems
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particularly disturbances which affect the theoretical model
during the time span from the ‘time zero' to the time of
measurement. A detailed discussion of those problems
becomes possible when a large number of analytical results
have been obtained on a single formation using different
kinds of geochronometers and methods of dating. Dis-
turbances do not influence the different radioactive-
radiogenic systems in the same way and it may thus be
possible to identify such disturbances. Consequently, an age
obtained on different geochronometers using different
methods of dating can be weighted much more heavily
compared with single mineral, single method ages.

The analytical problems include an heterogeneous series of
consideration such as the calibration of the system of
measuremeni, decay constants. methods of calculation,
analytical reproducibility. etc. and also the representativity of
the sclected aliquot with regard to the whole formation
investigated. It is well known that frequently, the analytical
error quoted only concerns the short term analytical
precision. The nature of the analytical errer must therefore
be carefully defined. A datum should be considered as
complete only if the above quoted indications are readily
available so as to permit other workers to discuss and
independently evaluate the proper weight to be given to the
particular point of calibration.

Combination of data

Schematically three main methods have been used in the past
to try to build a numerical time-scale.

1. The computer method as developed by Armstrong
(1978) consists of listing the numerical data wbich are related
in three ways (maximum ages, minimum ages. and con-
temporaneous ages) to a given boundary. This, obviously,
climinates most of subjective considerations. But the weights
of the diverse numerical data are artifically homogenized.
This can give good results where many data are available but
where they are scarce may bias the probable truth.

2. The graphic method makes the a priori admittance that
the time-scale to be constructed does not depend only on the
radiometric dates but also on a second. independant. variable
viz, a ‘known’ relative duration between two or more
portions of the time-scale. This relative duration is deduced
from three main methods of extrapolation (or interpolation):

sediment thicknesses (proportional to the time): hiozone’

durations {of similar length); and the palaeomagnetic record
of the ocean floor (a constant rate of spreading). This graphic
method suffers from two problems. (a) It depends on the
reference chosen and may he complicated by factors such as:
extreme variation in thickness of sediments of the same age
from one basin to another; the biozone duration of (for
example) molluscs. foraminiferas. or nannofossils seem to
vary separately; ocean floor spreading rates seem to vary in
both time and place. The result is. therefore. highly variable
from one study te another and moreover. no definitive proofs
of such regular evolutions arc presently available. (b) It is
very difficult to determine objectively the actual uncertainties
which should be attached to the resultant numbers; this
problem in particular does not appear to have been appre-
ciated by some of the authors.

The authors” own position is that it is of prime importance
to determine the uncertainties so as to know if the obtained
numbers are usable or not for independent scientific con-

siderations of rates of evolution or the duration of geological
events etc. In reality these are the important data which
result from the establishment of an accurate time-scale. In
any case this method gives to the selected points of
anchorage, from which extrapolation is made, a very high
weight; very few points in the whole time-scale are
presently sufficiently well established to serve as such
anchors.

3. The exclusive radiometric method consists of the
determination of some stratigraphic boundary ages ex-
clusively by using weighted radiometric dates. The more data
one has, the more restricted should be the interval of time in
which one may locate the boundary. However, in some cases,
the abundance of dates leads to an increase in the required
interval so as to include two proposals not fully in agreement;
in other cases. a single good analytical result may lead to the
proposal of too precise an interval of time which may be
questioned later when new data are obtained. The main
problem when using this method obviously is that diverse
boundaries remain undated: but this method is the only one
acceptable as giving a tool actually useful for geologists. My
fourth rule is to recommend a systematic priority for the
weighted radiometric dates.

The author considers it fundamental, when building the time-
scale to use, as a first order constraint, the ‘exclusive radio-
metric method' after an adequate weighting of the different
data. It permits the definition of some boundaries without use
of a subjective extrapolation system. In this exercise, it is of
h#gh importance to note clearly the studies from which the
preferred number is deduced. as well as those from which the
extreme acceptable numbers are obtained.

The derivation of a complete scale is usually done by
combining the three methods. But this should he achieved
only by taking into account the following proposals.

Distinction of the extrapolated ages

When the use of extrapolated ages seems the only way
possible, these numbers must clearly be distinguished as
extrapolated numbers. The author proposes, for example, to
systematically show them in parentheses so as to indicate a
low confidence level compared with dates obtained ex-
clusively from radiometric data. An estimate of the uncer-
tainty of these dates should be given in the same way as when
using direct radiometric dates. Any new radiometric datum
obtained later may supersede this tentative estimate.

Elimination of the lowest possible number of studies

As indicated above, the dates obtained from the diverse
formations are to be weighted differently depending on the
number of measurements done. on the number of geo-
chronometers measured, and on the number of radiometric
methods used. A particularly good criterion of confidence is
when several laboratories have measured similar ages.
However, due to the usually insufficient number of available
data it appears better to retain as many of the data as possible
and to reject as few as possible. For example, provided
correct estimates of the actual analytical uncertainty are
given, it is not a good solution to systematically eliminate a
priori results obtained from one specific kind of geo-
chronometer. Finally, it is rarely a pood solution to eliminate
many apparently inferior results just beeause one date or one
formation appears to be highly reliable. These remarks would
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appear to be somewhat obvious. but experience shows that
these rules are frequently rejected. In case of conflict it seems
better to leave the situation open io further discussion. Three
examples of common a priori rejection criteria may be
mentioned here.

1. The acid volcanics whole rock Rb-Sr ages. It is
commonly considered that whole rock Rb-Sr apparent age
obtained on acid volcanics reflect rejuvenation by later
alteration, especially by temperature overprinting. However,
if a specific study proves that no such event has occurred after
the extrusion of these rocks., there is no necessity to
systematically doubt such results. The literature shows that
some acid volcanics gave Rb-Sr whole rock apparent ages
similar to contemporaneous granites, in formations as old as
Cambrian {see NDS 249 and Gale, this volume, for further
examples).

2. Glaucony K-Ar ages. It is well known, according to
recent studies, that deeply buried. or slightly tectonized. or
little-evolved glauconies have a clear tendency to pre-
ferentially lose their argon. However, a careful study of only
slightly buried and highly-evolved glauconies, collected from
undisturbed continental platforms, clearly show that apparent
ages consistent with bentonites or volcanic flow ages may be
obtained at the least until Jurassic time. No definitive good
comparisons are available for older times. but the recent
development of knowledge of the geochemical behaviour of
this kind of chronometer {see review of recent data in Qdin
1982) clearly show that results useful for time-scale cali-
bration may be obtained from glauconies,

3. Zircon fission track ages. The first systematic use of
zircon fission track ages in calibrating oid parts of the time-
scale is recent (Ross ef af. 1982). Some confusion exists in this
subject. The rejection of these data by recent authors is not
related to the principle of this method. but to two specific
problems. The first is that the analytical errors calfculated in
this particular study were almost certainly underestimated,
and that 1o errors were compared with 20 errors generally
used by other geochronologists (see Gale & Beckinsale,
1983). The second is that the retentivity of the tracks during a
very long period of time is questionable. The inadequate state
of knowledge in this matter is well illustrated by the very
uncertain blocking temperature for zircon fission tracks,
sometimes estimated at 180°C and sometimes at a tempera-
ture much lower. or higher, as well as by the absence of
agreement on the decay constant and the absence of a well
accepted rock age standard. However, all specialists agree
that future refinements of the method is probable, and that
confirmatory results obtained from similar rocks in different
laboratories will obviously give weight to the method. The
present position therefore is that. if a correct estimate of the
analytical problems remaining with these ages is made, it will
be difficult to refine the present numerical time-scale of the
Palaeozoic based on other methods of dating due to the large
analytical error which must be accepted. New studies will
certainly prove in the near future the importance and interest
of this pioneer work.

Bias when data are available from a single side of a dated
boundary

The comparison of age estimates made in the early stages of
time-scale development, with the solutions proposed today
using new results, shows a tendency to a systematic bias when
the early data documented only a single side of the dated

boundary. In practice, a boundary essentially dated on the
old side tends to be estimated too young because possibly
rejuvenated rocks have influenced the conclusion, while a
boundary essentially dated on rocks from the young side will
tend to be estimated too old. Consequently, a good estimate
will only be obtained when a nearly similar number of data
are available on both sides of the boundary. An increase of
the time interval in which the boundary may be located
should perhaps be made on the side where most data are
available to counterbalance this tendency.

Bias due to the systematic selection of the oldest results

It is commonly accepted by geochronologists that diverse
processes of alteration usually lead to a preferential loss of
the radiogenic isotopes relative to the radioactive ones.
Consequently, when such an opening of the system is
suspected it is customary to accept the oldest apparent age
measured as the best or minimum estimate, of the actual time
of closure of the system. The systematic application of this
rule, when in reality the system has not been open during its
history, may lead one to overestimate the actual age of the
dated formation. Several factors can also result in measured
apparent ages being older than the age of formation of the
system under investigation. These are, analytical bias, choice
of an incorrect initial isotope ratio and preferential loss of
radioactive isotopes. These possibilities have been reviewed
in recent years but two specific examples will be recalled; (1)
When using glauconies, it has been proved that, in many
cases, the initial apparent ages of this geochronometer is
positive (Qdin & Dodson 1982). The selection of the older
analytical result is consequently the wrong way to obtain the
actual age of an undisturbed formation. (2) When using
altered biotites from bentonites, Obradovich & Cobban
(1976) have shown that apparent ages older than that of the
ash emplacement may be measured as well as younger ages.

There exist, fortunately, adequate criteria with which to
resolve the possibilities of too old ages; they consist of the
examination of the field data together with geochemical
studies or sophisticated geochronological studies on several
geochronometers. It is therefore important that full analytical
and petrographical details are obtained and indicated when
quoting a new age estimate of a stratigraphically well defined
formation. Moreover, although justifiable in many cases, an
assessment of a minimum age as being correct cannot be
accepted without very full discussion.

Concluding proposals for a numerical time-scale

One can easily imagine the implications of each proposal
guoted above on the numbers suggested as presently fixing
the age boundaries of the stratigraphic units. Some of these
proposals will influence the selected preferred number; but
most of them will influence essentially the confidence level of
an age. In order to give a realistic picture of the situation for
a given boundary, it seems to be much better to try to locate
a boundary not at a point {i.e. the preferred number) but in
an interval of time which attempts to include most of the
possibilities generated by the available data, in other words;
definition of an interval of time is better than of a number.
The result of an estimate will not be one number but three
numbers; the maximum possible age, the minimum possible
age and the preferred age. This can be written either
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‘T + x; — x5" or 'T; to T2, T being ages in years, x being
numbers in years showing the uncertainties on the old side
feither T, or T + x;} and on the young side (either T- or
T-x,). There is no necessity, in this proposal, that x, and x,
should be equal.

An example of a summarized age estimate

The example discussed below could only be fully exemplary if
it is viewed as part of a larger study including the original
results and recent reassessments. This age estimate depends
on radiometric dates. and not on graphical or other less
rigorous extrapolation arrangements. and concerns the
Llandeilo-Caradoc boundary. The use of radiometric dates
from both sides of a studied boundary to estimate the interval
of time in which it probably lics appears at present to be the
most realistic system. As far as possible, this system was used
by the different authors when building the syntheses gathered
in Odin (1982).

The proposed Fig. [ does not include any pre-estimate of
the age or duration of the stages or zones which are just
shown in their relative stratigraphical succession. The figure
also includes a rather complete series of dates because. in
order to avoid any a priori assumptions on the results to be
rcached. it is better to reject the minimum of constraints,
provided that an estimate of the actual stratigraphical,

geochemical and analytical uncertainties are made,

The items used are summarized in Table 1. All of them
have already been quoted elsewhere in this volume or in
Volume 2 the authors™ own review (Odin [982). However,
one may note that the very precise recent results obtained by
Williams et af. (1982} on the Kinneckulle bentonite minerals
were preceded by interesting studies, the last of which was
that by Baadsgaard & Lerbekmo {1982). Although ana-
bytically less precise, these results obtained in an independent
l[aboratory and quoted ‘new’ in the table, support and give a
high weight to this calibration point which, alone. could lead
to propose a boundary older than 445 Ma. This point,
together with other resuits recently published, enables the
author 1o locate the boundary in an interval of time around
450 Ma: older than previously proposed (433--443 Ma: Gale
1982},

Looking at the constraints available above the studied
boundary, one may note first, that the mid Caradoc Tyrone
limestone has given apparent ages at 443 *+ 10 and more
recently at 454.1 + 2.1 Ma {(Kunk er al. this volume). The last
error bar is clearly related to analytical precision. A more
realistic complete analytical uncertainty must include a
minimum of £ [% of the age due to calibration, especially
necessary when using the 40Ar-39Ar method due to the
absence of good interlaboratory standards. The resultant
figure of 454 & 7 Ma is in analytical agreement with the K-Ar
age of 443 + 10 as well as with the age of the probably
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TaBLE 1. Geochronological results useful for estimating the interval of time in which the Llandeilo—Caradoc boundary
probabily lies. In the list of items, NDS represents the number of the abstracts gathered in Odin 1982a; G. represents
the number of the items used by Gale in this volume and M represents the number of the items quoted by McKerrow
et al. in this volume for comparison.

Item Formation Dating method Age (Ma * 20) Stratigraphy
NDS 189 = G.i6 -—  Eskdale granite Rb-Sr, w.r. 10 pt 429 + 4 Late Caradoc
— G.17 Oliverian Syenite Rb-Sr, w.r. 441 * 5 Post lower clingani z;
NDS 129 = G.18 —  Carters limestone bentonite  K-Ar, 4 biotites + 1 sanidine 455 7 10 Middle Caradec (or Early)
NDS 161 = G.19 —  Tyrone limestone bentonite  K-Ar [ biotite 443 + 10 id id
Sutter = (G.20} — id 39/40 Ar 454 = 7 id id
— G.21 = M.12 Kinnekulle bentonite Rb-Sr biotite 445 + 3 post gracilis -pre clingani z.
{ K-Ar biotite 450 * 6 id
New — —  Kinnekulle bentonite K-Ar, | biotite + 3 sanidines 451 *+ 11 id
NDS 135 : — —  Tormitchell conglomerate Rb-§r, w.r. 5 pt = 451 £ 5  pre-wilsoni z.;
= 440 — 450
NDS 190 @ — —  Threikeld microgranite Rb-Sr, w.r., 13 pt { 438 + 6  Late Lleondeilo {or post)
— G.23 = M.11 Bail Hill voleanics K-Ar biotite 455 £ 15 pgracilis to post gracilis z.
— (.22 = M.10 Borrowdale volcanics Sm-Nd 457 £ 5 Llondeilo {to Early Caradoc)
— G.29 = M7 Bay of Island gabbro 40/39 Ar 460 £ 5  gracilis zone {or older)
NDS 135  G.24 = M.9 Benan conglomerate 6 Rb-Sr, w.r. = 470 £5 pre-gracilis
{ = 46(—465

correlative Carters limestone at 455 + 10 Ma (scc table).

The maximum apparent age of the pre-wilsoni pranite
boulders collected from the Tormitcheil conglomerate leads
Longman er al. {1982} to propose an age of about
44(3—450 Ma for Early Caradoc times.

The results from the Oliverian syenite are less constraining
due to a large stratigraphical uncertainty. However, the
present results show, if the dates are all correct, that the
boundary must be oider than 447 Ma, the minimum age of
the Tyrone limestone (#/39 datum); and younger than
450 Ma. the oldest age proposed for the Tormitchell
conglomerate.

Looking at the dates from samples stratigraphically located
below the boundary. the constraints are as follows. The
Benar Conglomerate granite clasts apparent age leads
Longman er al. {1982) to suggest a numerical age of
460—465 Ma. or younger. for the boundary because the
granite was probably extruded within the Liandeilo. The Bay
of Island gabbro also suggests an age younger than 455 Ma
for a Late Llandeilo or possibly older formation. The
Borrowdale volcanic Sm-Nd date (457 £ 5 Ma) shows that
these. more probably Llandeilo {(possibly Early Caradoc)
extrusive rocks, are older than 450 except if the Sm-Nd age is
inherited. The Bail Hill volcanics. rather precisely located in
the stratigraphy. just show that their imprecise apparent age
{recalculated by Gale, in this volume) does not permit one to
diminish the interval of time in which the boundary can be
located. The final constraint is obtained from the Late
Liandeilo Threlkeld microgranite from which an age of
438 + 6 Ma was obtained according to the summary of
Rundle {1982} although it is not completely impossible that
this rock was emplaced slightly later during the earliest
Caradoc times. This datum provides a maximum age for the
boundary at about 444 Ma.

We have therefore a conflict between probably mid
Caradoc ages (the Tyrone and Carters limestones) at more
than 447 Ma which. both together, would suggest an age
of 450—460 Ma for the boundary, and ages at less than
450—440 Ma (Tormitcheil conglomerate and Threlkeid
results) for the same boundary.

Consequently, without any hypothesis as to the relative
durations of series or zones, the presently available radio-
metric data lead to the conclusion that the Llandeilo-Caradoc
boundary must lie in the interval of time 450 + 8 Ma, without
rejecting any of the available results. The maximum and
minimum ages of this interval are equally possible depending
on the preference given to one or another set of results. The
future will show if this estimate may be more preciscly
expressed; but it is clear that this boundary will remain more
stable than many others, less documented, and for which just
one new dating may change the previous age estimate,

The present summary must, however, he seen as a review
following an individual assessment or reassessment of each
data set quoted in the table. At the present time. no de-
finitive proof of incorrect age assessment due to strati-
graphical, geochemical, or analytical problems has been
shown for any of the data used. The extreme values proposed
Jjust exclude one date on the old side. and two ages on the
young side.

Conclusion

In conclusion, although attention has been recommended to
many points in the difficult exercise of building a time-scale,
the author must underline that the problem is usually made
easy by the geologists whe publish complete geochronological
results. On the other hand, the author is fully aware that it is
nearly a utopian hope to obtain results on which everyone
will agree; he has tried! A completely unquestionable
estimate will frequently necessitate an excessive increase in
the error margins. The experience (i.e. the various solutions
accepted by the people who have tried to achieve the
synthesis of a time-scale} shows that, to some degree or
another, it will always remain possible to modify or refine
some part or another of the monumental multicontributor job
that needs to be done.

This volume has tried to answer parts of the many
remaining questions. However, for the future, the key
documents have to include. together with the tentative



46 G. §S. Odin

syntheses, more new and original data, and periodic re-
examinations of the foundations of geochronology applied to
stratigraphy. These foundations consist of both methodo-

logical research to explain the behaviour of geochrono-
meters, and compilations of complete abstracts of the
available data.
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Late Precambrian and Cambrian geological time-scale

J. W. Cowie and M. R. W, Johnson

SUMMARY : The suggestion by the Subcommission on Precambrian Stratigraphy (of the Inter-
national Union of Geological Sciences) that the beginning of Late Proterozoic times should be defined
in the geochronometric scale at 900 Ma is accepted; this probably correlates with the chrono-
stratic scale at the Middle—Upper Riphean boundary. The Upper Riphean—Vendian boundary
on the chronostratic scale seems to correlate with approximately 650 Ma. The chronostratic
Precambrian—Cambrian boundary is poorly correlated with the chronometric scale on a global basis
at present but may be more accurately related in the next decade or so. In the meantime a range of
530-600 Ma can be considered but no conclusions are offered here.

An attempt is made to give the present state of knowledge and techniques, with only a selection of
radiometric data, especially those bearing more or less directly on the calibration of chrono-
stratigraphic units. The geographic coverage is not intended to be complete.

At present there are two contrasted ways of dealing with
definitions of major units of time.

An ideally integrated geological time-scale, which is still
only a hope for the future, would in the authors opinion, be
composed of standard chronostratigraphic divisions based on
rock sequences (evidence) and accurately calibrated in years.

The two differing kinds of scale (Harland 1975) are;

1. A chronostratic {chronostratigraphic) scale mainly aimed
at producing a scale of continuous rock sequences with
standardized reference points selected in stratotype sections.

These complete and internationally acceptable sections
with reference to a particular boundary are the global
boundary stratotype sections and points hetween stratigraphic
units, e.g. the Silurian—Devonian boundary stratotype
section at Klonk in Bohemia, Czechoslovakia which is well
curated and accessible.

The order of procedure in the Phanerozoic {or ‘Holozoic’

— Glaessner 1984) Eon is to establish the chronostratic scale
first and then to calibrate it by relating it to the chronometric
scale. The beginning of the Phanerozoic Eon is here con-
ventionally (and arbitrarily but there is much international
agreement) taken to be conterminous with the beginning of
the Cambrian Period. The Precambrian—Cambrian Boundary
is also defined on the chronostratic scale.
2. A chronometric scale defined and based on units of
duration — years or million of years (Ma}. The Early-Medial-
Late (Lower-Middle-Upper) Proterozoic 1. 1I, IIl units
suggested (but not yet ratified} by the IUGS Subcommission
on Precambrian Stratigraphy with limits at 2500 Ma, 1600 Ma
and 900 Ma are proposed as part of such a chronometric
scale. Periods in the Precambrian Supereon (Glaessner 1984)
are also being put forward with chronometric limits.

As research proceeds, progressive and regular revisions of
the integrated geological time-scale are required. Efforts have
recently been made by Harland et al. (1982) and Gale (1982).

In this article the main time-divisions of the Late
Proterozoic and Cambrian such as the Middie-Upper
Riphean, Upper Riphean-Vendian, the Vendian—Cambrian
boundary and the time-span of the Cambrian Period are
discussed. The Cambrian—Ordovician Boundary is left to
other authors in this volume who are concerned with the
Ordovician Period and the authors note their figure of
¢.515 Ma for this time-boundary.

None of the above boundaries have yet becn fixed or
correlated on a world-wide basis although it is generally

agreed that there should be a separation of Late Proterozoic
time {(Upper Proterozoic or Late Proterozoic or Proterozoic
I11) from 900 Ma up to the beginning of the Cambrian period
but the correlations are poorly established.

In discussing late Proterozoic sequences emphasis must be
given to the USSR craton, followed by China and Australia,
where the most significant steps have been made towards a
chronostratigraphic scheme, based on palaeontological data
and correlated with radicisotope dating. However, it must
be pointed out that the base of the Upper Riphean
{(=?Proterozoic III) in the type-area, the Ural Mountains, is
an unconformity and the base of the Vendian is a tillite
horizon.

One of the consequences of establishing by international
agreement global boundary stratotype sections and points
guided by biostratigraphy which may cause conflict with
classic and entrenched methods is that previous practices and
compromises in establishing the boundaries of periods, eras
and eons should not be allowed to go unquestioned. This
particularly applies to the Precambrian—Cambrian Boundary.
These practices and compromises include the use of uncon-
formities and changes of tectonic grade and style and of facies
of special stratigraphic significance when the unfossiliferous
rocks above and/or below the unconformity are not capable
of being diagnosed on the basis of biostratigraphy.

It is widely agreed that all Phanerozoic boundaries (in-
cluding the Precambrian—Cambrian/Proterozoic—Phanerozoic
Boundary) are to be defined chronostratigraphically (not

TaeLe 1. Chronostratic scale usage in Phanerozoic Eon
contrasted with chronometric scale usage in sub-
dividing Precambrian Supereon

Phanerozoic
chronostratic — (7570 Ma)
scale
11
900 Ma)
11
1600 Ma
Proterozoic I kchronometric

2500 Ma scale
111

2900 Ma
Archaean i1

3500 Ma )
I
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TaBLE 2. Subdivisions of the Late Proterozoic
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chronometricaliy} and guidance in most of the younger part
of the geological column is by biostratigraphy (Cowie ef af.
1984).

Ideally, the chronostratigraphic position of the Pe-e
Boundary should be placed between {as closely bracketed as
possible} an internationally accepted earliest Cambrian faunal
assemblage zone above with a similarly accepted latest
Precambrian zone below. This is not widely achieved as yet
but the recommended global stratotype section and point in
south China comes close to 1t and other possibilities are east
Siberia and Mongolia with the poorly accessible northern
Siberia as a hope for the future.

Late Proterozoic, 900—?570 Ma

The time-scale

The TUGS Subcommission on Precambrian Stratigraphy has
made the following provisional recommendations for the
chronometric division of the Precambrian (Sims 1980: James
1981).

The figure of 7?5700 Ma is here {in Table 1} put in brackets
because James as a member of UGS — IGCP Project 29
Working Group on the Precambrian—Cambrian Boundary
Working Group is well aware that the Pe-e Boundary can only
have one definition — chronostratic or chronometric — and it
has been decided since 1974 that the Working Group will define
it chronostratipraphically by a physically fixed boundary
stratotype point in a section which is globally validated.

In this article we are concerned only with Proterozoic 111
(Late Proterozoic) and its houndary with Proterozoic II
(Middle Proterozoic). As a compromise between Australian,
Russian, Chinese & Scandinavian terminology the authors
propose the following subdivisions of the Late Proterozoic in
Table 2. A similar scheme is used by Harland er al. {1982}
In two special issues of Precambrian Research (15, [981 and
18, 1982) — *Upper Precambrian correlations’ in [981 and
‘Geochronological correlation of Precambrian sediments and
volcanics in stahle zones’ in 1982 — referred to here as Sl
and SIZ — the following topics were discussed:

1. Middle—Upper Riphean Boundary

(1} unconformities

(ii) stromatolite stratigraphy
(1ii) radiometric data
(iv} microfossils

TasLE 3. Late Proterozoic succession in the USSR

Cambrian

570 Ma

Vendian Stratotype is Moscow

syncline.

A A A
A A
A A A

Ediacaran metazoa.

650—680 Ma Laplandian Tillite
{Uncon. at base;
change in

microfossils}.

—

R, Kudashian Marked by incoming

of Yudomian

Upper

assemblage of
stromatolites and
microphytolites.

Riphean

R, Karatau €920 Ma + 50  change in stromatolite
assemblages:—
used to previously
be taken as the
R,/R; boundary for

some workers.

N

1000 £ 50 Ma  Unconformity
between R+/R; in

the Urals; 1100 Ma

Middle
R; Yurmatin date from a diabase
Riphean below the uncon-
formity.

Notes:

The dates shown in the middle column are K-Ar glauconite deter-

minations. In addition the following peints may be noted:—

(i) Keller {1979) noted a possible lower age of 620-600 Ma for the
Ediacaran fossils in the USSR — this would seem to be younger
than Australian occurrences (see below).

{ii) K-Ar glauconite datings in Vendian: 010-560 Ma (Valday
Group); 510-610 Ma (Volyn basalts)

(iii} K-Ar glauconite dates of 660—665 Ma {from just below the
Laplandian Tillite} and 610 Ma (from just above it). The age of
the tillite is put in the 630-650 Ma range by Chumakov &
Semikhatov {SI1}.

(iv) Kudashian {R;} — its lower boundary is established where the
Upper Riphean stromatolite assemblage and microphytolites
are replaced by a fourth assemblage. This change is marked by
a disconformity in parts of Siberia and middle Asia. The fourth
assemblage of microphytolites is, however, recognized in the
Upper and even Lower Riphean in the Volga—Uralian area.

(v} Vendian and Riphean are chronostratigraphic units: there are
no reliable radiometric data for dating the lower boundary of
the Vendian.

(vi) If one accepts Pringle’s {1973} date of 653 + 23 Ma for the
Nyborg Formation some of the tillites are younger and others
older than 650 Ma. In view of the uncertainty about the age of
the base of the tillite units and because of the difficulty of
correlation between basins, tillites cannot be regarded as good
cbronostratigraphic markers.

(vii) Tt should be noted that the Varangian epoch has two glacial
episodes not only in Finnmark but elsewhere in the North
Atlantic region (Mortensnes {top); Nyborg Formation,
Smalfjord Formation (base} and Russian workers correlate the
two tillites in the European USSR with these glacial episodes.

2. Upper Riphean—Vendian Boundary
(i) metazoa
(ii) Yudomian stromatolites and microphytolites
{iii} Varangian tillites (Varangian has priority over
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TaBLE 4. Late Proterozoic succession in China (see also Tables 7, 8 and 9)

Cambrian System

610 Ma

Sinian System — Rb/Sr (Toushantuo Fm.): 700, 691 Ma

Rb/Sr (Nantuo Fm.)} 1 739, 714 Ma

(7Ry) Acanthomorphs, Prismatomorphs, Sphaeromorphites
c.80{} Ma

{?Ry) Qingbaikou System — KJ/Ar glauc. (Jing'eryu Fm.): 853, 862 Ma
Mega-plants, fnzeria-Linella assemblage

¢. 1050 Ma

(?R;) Jixian system — K/Ar glauconite from upper
Formation: 1134, 1152, 1011 Ma
micro-plants, Dasycladaceans, large conical stromatilites in upper part

Notes:

{a) In Jiangnan and the Upper Yangtze and also in Qinling, the Sinian system was preceded by
the Xuefeng orogeny, whiie the Wuling orogeny antedated the Qingbaikou system.

(b} Metazoa (medusoid affinity) occur in the Wuhangshan Group (? base of the Sinian or top
Qingbaikou) — does this fit in with USSR or Australia?

(¢} Tillites:
(i) Chang’an glacial epoch — 800—760 Ma = Sturtian of Australia
(ii} Nantuo glacial epoch — 740—70{: Ma (Ma Guogan ¢t al. 1980} = Marionoan & early

Varangian

(iii} Luognan glacial epoch — 640—6(0) Ma
All these tillites occur in the Sinian system: (iii} is the only candidate for correlation with the
Laplandian, but it seems too young, Chumakov (SI1} correlates it, however.

(d) Cai Xuelin e al. (1980) report that low-grade meta-sediments {(Hui Li System) are covered
unconformably by the Sinian system. A quartz-dolerite intrusion pre-dating the uncon-
formity gives an age of 910 Ma, and basalt in the lower part of the Sinian system gives

759 Ma.

TaBLE 5. Adelaide geosyncline succession, Australia

Cambrian
Ediacaran
Late
Adelaidean  Marionoan
— 690—-680 Ma
Rb/Sr: 750 + 53 Ma
Sturtian
A A
A A A
Early A A
Adelaidean
Torrensian
_Willouran _
Base?

Varegian, Varangerian, Veregian and Laplandian)}
{iv) radiometric data
{v} microfossils
In the following account the authors summarize the main
points in S11 and SI2 and review, on a geographical basis, the
evidence for dating the boundaries between the Middle and
Late Proterozoic and between the Riphean and the Vendian.

USSR (Chumakov & Semikhatov in SI1; Keller 1979)

The Late Proterozoic succession in the USSR is established as
follows (Table 3} with the stratotype of the Riphean
suberathem in the Bashkir anticline in the Urals {Shatsky
1945).

Disconformity

Ediacaran metazoa, Stromatolite,
Tungussia cf. julia

Stromatolite assemblages suggest
RyVendian boundary

Sturtian glacial epoch not long before
¢.750 Ma (but could be much older)
i.e. two episodes at 800 & 790 Ma.

Stromatolites: Baicalia burra
and Tungussia wilkatann

Beda volcanics. Stromatolites —
Acaciella, Gymnosolen

China (Chen ez al., in (SII))

The Sinian Suberathem (615—1950 Ma) has now been
replaced by a number of systems with the youngest,
immediately below the Cambrian system, being the Sinian
System (see Table 4). As the same name should not be used
for two different meanings Sinian Suberathem is suppressed.
In the Yangtze River region the Sinian System rests on an
igneous—metamorphic complex which includes the Huangling
granodiorite. On this rock an age of 860 * 50 Ma has been
obtained from U-Pb measurements on zircon and apatite (Ma
Guogan et al. 1980). Six stromatolite assemblages are con-
sidered by Chinese palaeontologists to show many similarities
with the USSR and Australia (Bertrand-Sarfati & Walter in
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TABLE 6.
Eon Era Period Epoch Age & Region
(= Stage)

Phanerozoic Yunnan, SE Siberia,

S. China USSR
Palacozoic
Cambrian

Qiongzhusi Atdabanian

Early Cambrian
(part) Meishucun
(Zones 1T & 11}

Tommotian

Precambrian—Cambrian Boundary

Meishucun Yudomian
(Zone 1)
Latest Precambrian
(part)
Sinian/ Dengyingxia

Vendian/Ediacaran
Riphean

Proterozoic

S1t, p. 356). There is no record of the use of microphytolites.
Metazoa (Sabelliditidae, Micronemaites) are found in the
Dengying Formation which is mainly of Sinian System age
but is Cambrian at its top (Table 7}.

Conclusions. From this discussion the base of the Vendian
in China cannot yet be identified.

Australia {Preiss & Forbes in SII)

The Adelaide geosyncline provides the main evidence as
detailed in Table 5.
Other basins are:
1. Amadeus: post-1053 Ma (date of metamorphic complex}
succession with stromatolites which are mainly new forms.
Walter (1972) regards them as a typical Late Riphean
assemblage.
2. Officer: post-1037 Ma succession with glacial deposits
{?=Sturtian).
3. Kimberley: Succession with 7?Sturtian and Marinoan
glacials (672 + 70, 670 = 84 Ma ages from shales above the
glacial deposits).
Jenkins (1981} recognizes an Ediacaran Period embracing the
time interval characterized by soft-bodied metazoa of which
the earliest are at about 640—620 Ma. The type-area is in
the Flinders Ranges. South Australia. The lower boundary of
the Ediacaran lies just above the Marinoan glaciogenic
horizon. On this basis the Ediacaran Period overlaps the late
Varangian glacial epoch but the Varangian epoch includes by
definition both glacial epochs. Jenkins notes a close equi-
valence between the Vendian and the Ediacaran’ but this is
not followed by Harland et af. (1982) nor Cloud & Glaessner
{1982).

Cloud & Glaessner in 1982 examined possible age brackets
for their proposal for an Ediacaran Period as follows:
1. Rb-Sr whole rock isochrons from shales of lower to
middle Ediacaran age {correlated with the lower Brachina
Formation of their type area): 672 = 84 Ma. in South
Australia.
2. Beds with medusoids (Kullingia concentrica} above the
uppermost varangian tillites are post 653 + 23 Ma which is the
recalculated Rb/Sr whole rock isochron age for the tillites

{Pringle 1973) in Scandinavia.

3. Rb/Sr whole rock isochron on the Holyrood granite
which is intrusive into the Precambrian Conception Group of
Newfoundland, Canada. This date is recalculated by modern
methods (Gale 1982} at 585 + 15 Ma: see below.

4. From North Carolina U-Pb concordia age on zircons
from slightly metamorphosed pyroclastics which are of
Ediacaran equivalence — 620 + 20 Ma.

5. In Chamwood Forest, England (i) Rb/Sr isochron from
diorites intruding strata with an Ediacaran type of medusoid:
540 + Ma, and (ii) Rb/Sr isochron from diorites: 546 = 22
Ma.

These English dates are much younger than those given
above (1—4) and must be examined critically in the light of
discussion later in this paper on the Precambrian—Cambrian
Boundary (Ediacaran—Cambrian or Vendian—Cambrian
Boundary).

Conclusion. The dating of the Marinoan glacials (between
750—676 Ma) seems too old for the base of the Vendian. The
750 £ 53 Ma date comes from the Tapley Hilt Formation just
below the Marinoan glacials.

Europe (Choubert & Faure-Muret 1980)

1. Armorican Massif. Most of the Brioverian has Lower and
Middle Riphean microfossils. The Upper Riphean and
Vendian only occur in Normandy.

2. British Isles. Accepting the correlation of the Port Askaig
Tillite (= Mortensnes glacial epoch) with the Varangian
tillites (inter-tillite beds, Nyborg Formation dated at 633 *+ 23
Ma by Pringle 1973) then it is possible to view part of the
Dalradian Supergroup as Vendian and this is supported by
the discovery of Vendian acritarchs, worm burrows and the
stromatolites Aldania and Jurasania (Downie [975). There is
an earlier {?Sturtian) tillite in the Appin Group.

Conclusions: the Late Proterozoic

1. Thereis a lot of agreement on a date for the beginning of
the Late Proterozoic (III): Russian, Chinese and African
workers place it at roughly 1000 Ma. This is a maximurm age
and provisionally the 1UGS Precambrian Subcommission’s
suggestion of 900 Ma for the initial houndary for the Late
Proterozoic can be followed without serious difficulty. As
noted earlier some Russian workers used to correlate the
chronostratic R,—R; boundary with 920 Ma because of a
change in stromatolite assembiages at about that time.

2. The use of the Varangian glaciation 1o fix the base of the
Vendian has only limited {(European} value at the present
time. Correlation of glacial epochs in China or Australia with
the Varangian are premature. In most areas neither radio-
metric data nor the fossil record are sufficiently detailed to
permit correlation of the R;—Vendian boundary. Until better
correlation is achieved 650 Ma is an acceptable date for this
boundary. Good sections in Svalbard give good biostrati-
graphic control.

Precambrian—Cambrian boundary

Principles and general comments

The Precambrian—Cambrian Boundary is assumed here to be
accepted by many geologists (perhaps the majority} as con-
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terminous with the Proterozoic—Phanerozoic Eons Boundary
and the Proterozoic—Palacozoic Boundary.

The "Base of the Cambrian’ is a term sometimes loosely
used and is a lithostratigraphic and local concept subject
to diachronism but can never be older than the Precambrian—
Cambrian Boundary. The Precambrian—Cambrian Boundary
is a chronostratigraphic concept for an instant in time and
cannot therefore be subject to diachronism. The latter term is
used below because of its greater fundamental value.

The international definition of the Precambrian—Cambrian
Boundary in terms of a global stratotype section and point
was close to agreement in early 1984. The IUGS-IGCP
Working Group on the boundary has decided by a 80%
majority of its Voting Members to place it at the base of
Bed 7 {within the Meischucun Stage at Fossil Zones contact
I/I1} in the section at Meishucun, Jinning County, Yunnan
Province, China {~ 75 kms south of Kunming. latitude
25°N, longitude 103°E). The Working Group decision has yet
to be ratified by the International Commission on Strati-
graphy of IUGS. however.

Rocks of late Precambrian age assignment depend for
validation of their truly Precambrian internationally agreed
Proterozoic chronostratigraphic age on a complex of
correlative factors which may not be available in a particular
locality, area or region. An important reference standard wiil
be the internationally agreed global stratotype section and
point: a lithostratigraphic equivalent selected to define the
chronostratigraphic Precambrian—Cambrian Boundary. This
stratotype is and must be unique and has been selected with
great care so that sections and points elsewhere can {as far as
is possible and reasonable} be correlated with it by all the
means available in the geological sciences. (see Table 6}

From readings in the literature it is evidently important to
distinguish between sedimentary strata which appear to be
the oldest Cambrian deposits in a region such as the British
Isles {or a comparatively small continental area such as north-
west Europe) and the earliest Cambrian deposits on a world
scale. The Precambrian—Cambrian Boundary as now
developed in its definition is a concept with international and
intercontinental utility when expressed in terms of a single,
unique global stratotype section and point.

Current working decisions include (Cowie 1981}:

1. The Precambrian—Cambrian boundary stratotype point
should be placed as close as is practicable to the base of the
oldest stratigraphical unit to yield Tommotian {in sensu lato)
fossil assemblages.

2. The exact geographical and stratigraphical positions of
the recommended boundary stratotype point are given above.
3. The guiding criterion is that the Precambrian—Cambrian
boundary should be approximately located in the chrono-
stratigraphic scale near the evolutionary changes which are
signalled in the rocks by the appearance of diverse fossils with
hard parts. It is emphasized, however, that we are defining
and placing the boundary stratotype point in the rock and it
will then be a reference point which should remain fixed
despite the possibility of fresh discoveries in the rocks
stratigraphically below or above.

With the present level recommended by the international
IUGS/1IGCP Working Group for the Precambrian—Cambrian
Boundary obviously some regions, including the British Isles
and north-west Europe, may well find that their basal
Cambrian deposits and their included faunas and floras plus
associated geochronometric indications are not assigned to
the earliest Cambrian as defined on a global scale.

Evidence surviving in many parts of the world shows that
marine traf]sgressions occurred over large parts of the Earth’s
surface during late Precambrian and/or early Cambrian times.
They were, of course, diachronous and grossly diachronous as
a global process. There are many parts of the world,
however, where sedimentary rocks identified as late Pre-
cambrian are followed conformably by sedimentary rocks
identified as early Cambrian. Two factors bear especially on
the problem:

1. In certain regions rocks which are conventionally and
provisionally assigned a Precambrian age are distinguished
from rocks which are in a similar manner assigned a
Cambrian age, on the grounds of position below and above a
very obvious marine transgression. In the absence of fossils or
other methods of dating ({chronostratigraphic and/or
chronometric) there is a clear danger of circular argu-
mentation.

2. The correlation of the geological time-scale is extremely
coarse at this stratigraphical level and errors are possibly
quite large (millions or tens of millions of years may be
involved)., Even when based on the best available methods
and results in biostratigraphy, geochronometry, magneto-
stratigraphy, sedimentological cycle interpretations, palaeo-
climatology and perhaps most important but most difficult —
palaeo-oceanography, there is stiil only inexact correlation.

In any discusston of the Precambrian—Cambrian Boundary
it is, in the authors’ opinion, essential to consider Pre-
cambrian radiometric dates as well as those obtained from
Cambrian rocks. Where possible, dates from the late
Precambrian rocks in any region should be sequential in value
with dates found close to the boundary with the Cambrian
system and in the early Cambrian rocks. There is no
theoretical or practical basis for a gap or an overlap when the
geochronometric and chronostratigraphic scales are collated:
time is continuous even if sedimentation, magmatism and
tectonism are not.

USSR

Soviet geochronologists have established a great number of
dates many of which relate to late Precambrian and early
Cambrian strata and some of these preliminary results were
used with qualifying remarks in Cowie & Cribb (1978). These
earlier determinations, based mainly on K-AR dates, have
not always been possible to evaluate fully in non—Soviet
countries because of the difficulty of obtaining access to the
constants used, the errors which should be quoted and the
geochemical/radiometric information needed but they have
been published, some in English, and can be obtained. in the
1970s it was the authors’ (and the editors’) liberal policy to
consider all available dates regardless of their full sub-
stantiation. This policy has been criticized as weakening the
conclusions of papers given at the Geological Time-Scale
Symposium in Sydney in 1976 (at the International Geo-
logical Congress of that year) due to:

(a) lack of statement of errors

{b) failure to use uniform decay constants

{c) inclusion of data with poor stratigraphy and/or poor

geochronology.

The reasons for the lack of (a) and (b) is dealt with above
for the present topic and can be ascribed to lack of oppor-
tunity, time and money for library research. The criticism in
{c) is rather subjective as no detailed analysis has been given
but benefits mainly from hindsight after 10-20 years of
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further work. Harland {1983} comments on this but the
authors also comment that data used in 1976 at the time of
the Sydney 25th International Geological Congress were not
then demonstrably bad, the evidence for such a judgement
was not available, and is still not in most cases available to
the authors to make them scientifically demonstrably bad in
1983. They cannot, of course, be given much weight at
present because the data and determinations are still
incomplete for us. The authors agree with Harland {1983}
that it is to be hoped that ‘a consensus will increasingly be
possible as to what constitutes determinations good in all
respects’. Without such an accepted consensus individual
determinations should not be hghtly dismissed.

The technical equipment. expertise and knowledge con-
tinues to improve. Soviet geochronology cannot and should
not be neglected. Keller & Krasnobacv {1983) recently
published on ‘Late Precambrian geochronology of the
European USSR, giving the Riphean lower boundary as
1650 + 50 Ma, the Vendian lower boundary as 650 + 10 Ma
and the Cambrian lower boundary as 590 * 10 Ma.

Full data are not included by Keller & Krasnobaev in their
article in English to avoid over-extending the length of their

paper {Keller pers. comm., November 1983} but the data are
readily available from the Soviet authors for a scientific
assessment.

IGCP Project 196 Calibration of the Phanerozoic Time
Scale® has been supplied with Siberian and Russian
Precambrian—Cambrian  boundary section samples for
glauconite studies. Material from the same sources are being
investigated by 1. M. Gorokhov in Leningrad using both
Rb/Sr and K/Ar methods on glauconite. Semikhatov is
preparing a review paper on the global geochronology of the
Precambrian—Cambrian boundary with special emphasis on
USSR and China (Semikhatov pers. comm.. November
1983). So further Soviet results could soon be available using
a variety of radiometric methods and the latest apparatus,
This will again demand close attention from stratigrapher-
geochronologists who are concerned with international
geology and its standards.

China

In recent years the late Precambrian Sinian System rocks and
the early Cambrian rocks have heen intensively studied in

TaBLE 7. Yangtze area, Hubei Province, China; late Proterozoic—early Phanerozoic stratigraphy
calibrated with isotopic ages in millions of years (Ma). Author code: {1} Ma Quogan er
al. 1980, (2) Zhang er al. 1982, (3} Xing er af. 1982, (4} Zhang er al. 1984, (5) Xue 1984,
{6) Xing er al. 1984, (7) Ma Quogan et al.. pers. comm. 1982, (8) Compston, pers. comm.
1983 — ion probe crystallization age. (9) Luo, pers. comm. 1984,
It can be assumed with some confidence that, in most cases, the dates given in later
papers should be given more weight than those given earlier which were not quoted

again.
System Formation Member Isotopic ages (Ma)
authors in brackets (sce cuption} and method
(373 £ 7(2) (6) Rb-Sr; 613 + 23(1) {3) {6} Rb-Sr
Shuitint (368 + 12(4) (6) U-Pb 573 + 32(4) U-Pb
uiintue (572 + 14(4) Rb-Sr 415-485(2) Rb-Sr
(570 * 4(2} Rb-Sr
CAMBRIAN hiatus (574 + 20(7)y Rb-Sr 565-490{2} Rb-§r
at least in places
Dengying Tientzushan {602 £+ 15(2) (4) (6) Rb-Sr
(460 + 92} Rb-Sr
615 + 20(2) (3) (4) Rb-Sr
{Baimatuo) 614 + 18(2) Rb-Sr
Dengying {Shibantan}
(Hamojin }
(700 + 5(2) Rb-Sr. 580 + 25(2) Rb-Sr
Toushantuo (691 + 29(7) Rb-Sr, 580—420 {2} Rb-Sr
(727 £ 9(2) Rb-Sr. 460-340 (2) Rb-Sr
SINIAN
Nantuo (with tillites)
Datangpo (728 + 27(7) Rb-Sr. S00—360 (2) Rb-Sr
{608 + 15(2) Rb-Sr
Gucheng
Lientuo {740 £ 16(7) U-Pb

PRESINIAN  Huangling Granite

(805(11) K-Ar

(823 + (%) K-Ar
(806 + 4(7) (9) Rb-Sr
(819 + 54(1) (2) Rb-Sr
(860 £ 50(2) (9) U-Pb
(B1Y + 6(8) (9)
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many parts of the People’s Republic of China where rocks
below and above the proposed level of the Precambrian—
Cambrian Boundary are well exposed. Because of its signi-
ficance i international and intercontinental correlation
special study of that part of the geological column from
Sinian ftillites to Cambrian trilabites has been undertaken by
Chinese geologists. Some of tbe isotopic age data have been
published (Ma Guogan er ai. 198(); Zhang ef al. 1982;
Compston & Zhang 1983) or is in press (Xing & Luo 1984;
Xing er al. 1984 Zhang et al. 1984; Xue [984). The recent
papers are entirely in English. Earlier ones may have short
abstracts in English but the main, detailed., body of results is
in Chinese. A brief further summary bas been published by
Compston & Zbang in 1983.

The data obtained. using Rb-Sr, U-Pb and K-Ar
radicisotope methods, were from mainly two centres of
research {(others are now involved}) — Yichang, Hubej
Province, China and the Rescarch School of Earth Science,
Australian National University in Canberra. The stratigraphic
settings of the dated material have the merit of close strati-
graphic control in well-studied relatively continuous
successions close (or not so far) from the recommended
global stratotype for the Precambrian—Cambrian Boundary
{Pe-e B). The Precambrian—Cambrian boundary successions
are now well known in many parts of China. The faunal
assemblage of Tommotian (sensu-laro) type (Cowie 1978) is
found in these sections (Zones Il & 111, which are part of the
Meishucun stage} giving the carliest Cambrian age now
stipulated by the recommendations of the 1UGS-IGCP
Working Greup on the Precambrian—Cambrian Boundarv.
{sce Tahle 6}

The four main areas arc (1) East Yangtze gorges (Hubei
Province), {2) Guizhou Province, (3} East Yunnan Province
and (4) Sichuan Province which all lie in central or eastern
China in inhabited. geologicallv well-studied terrain.

East Yangize gorges

This relatively complete succession in the Sinian and
Cambrian Systems has in places, however. a large time-
gap (without angular unconformity) with possible or
probable non-sequence and/or condensed sequences in the
Cambrian succession wbove the cluimed position of the
Precambrian—Cambrian Boundary. The Precambrian rocks
are followed conformably by Cambrian rocks. Abundant
shelly fossils of Tommotian (sensu lato) assemblage
(Meishucun Stage) are found here {in the Tientzushan
Member}. as in all the other three areas above, giving good
biostratigraphical control. Trilobites occur in the Shuijintuo
Formation indicating an Atdabanian age. In Tables 4 & 7—9
the ages have been calculated using the decay constants
proposed by the [UGS Subcommission on Geochronology at
the 25th International Geological Congress {Steiger & Jiger
1977}, Stratigraphic details and geochrenological data are
given in Table 7. Complete information relating to the age
data are still in process of publication but probably sufficient
is already known from the references and personal com-
munications to merit discussion of the resulting calibration of
the chronostratigraphy without taking up a definite position
regarding its reliability which must await publication of the
tull details and data.

The most significant date so far known to the authors
relating to the Pe-e Boundary is from argillaceous limestone
from the upper part of the Dengving Formation {Table 7},

Shelly fossils are found in the same subdivision (Unit 6 of the
member}. According to Compston (pers. comm. 1983) the
rock is unmetamorphosed and the fine-grained clay fraction
{c.1.5 microns} has yielded a Rb-Sr isochron age of 602 + 15
Ma (Ri = 0.7091 * 0.0003) (about 33 samples). The analysed
material was subjected to a comprehensive mineralogical
examination {(Clauer 1976), no detrital minerals such as
kaolinite, 2 M illites and K feldspars were present and the
1 M illite crystallinity indices were high indicating a de-
positional or early diagenetic origin. Calcareous leachates
were extracted to give the sea water *’Sr: ®Sr ratio.

From the Shuijintuo Formation {which vyields trilobites
including Hebediscus) dark shales with lenses of limestone,
similarly controlled Rb:Sr studies gave {Compston, pers.
comm. 1983) Model 11 isochrons of 572 + 14 Ma {Ri =
0.7088 = 0.0008) and 573 = 7 Ma (Ri = 0.7091 £ 0.0003).
The former .=suit was based on analyses made in the Yichang
Laboratory, China while the latter age resulted from the
analyses of the same samples at the Australian National
University, Canberra under the direction of Professor W.
Compston. The high crystallinity indices of the analysed 1 M
illites > 5.75 allow the conclusion to be drawn that the age of
¢.573 Ma dates the time of completion of early diagenesis
when the 1 M illites finished growing in situ. The significance
of this age is further strengthened by U:Pb isochron ages on
whole rock samples of uraniferous black shales which have
given *Pblyngen: 2 UluPb = 573 = 32 Mz, and Pb/yyypn:
ZBJ/24Pb = 568 + 12 Ma. Uranium is fixed on carbonaceous
matter during sedimentation or during early diagenesis,
whereas Rb 1s fixed as illites. Thus two quite different geo-
chemical systems are invoived to give ages identical within
errors. The results strongly support the interpretation
that both are dating the same event — early diagenesis
(W. Compston pers. comm.): an age of ¢.575 Ma thus
probabiy dates the Quiongzhusi {Atdabanian} Stage, the next
stage of the Lower (Early} Cambrian above the Meishucun
Stage Zones 1I & 1II (Tommotian} (Table 6).

The combination of the U-Pb age corroborating the Rb-Sr
age eliminates the possibility that the Rb-Sr age might be too
old on account of inherited illite.

Guizhou Province

The Niutitang Formation in Zhijing, Guizhou Province is
equivalent to the Shuijintue Formation of the Hubei Province
Yangtze gorges area and gives a Rb-Sr isochron age of
569 + 12 Ma from black shales {level of mineralogical control
is unknowr for this age}. The stratigraphy is summarized in
Table 8.

East Yunnan Province

in Table 9 estimated dates with estimated confidence errors

for the member boundaries have been omitted but are given

by authors as:

1. Base of Xiaowaitoushan Member 610 + 10 Ma (Zhang et

al. 1984).

2. Base of Zhongyicun Member 605 £ 15 Ma (Zhang er al.

1984}.

3. Mid-Dahai Member 395 * 15 Ma {Zhang er a/. 1984).
The Precambrian—Cambrian global stratotype point (as

recommended to be adopted) is between points 2 & 3. It

must be noted, however. that some of the ages may be too

high or too low (see below & Table 7).
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The Badaowan Member is well exposed in two sections
about 60 km apart which can be closely correlated. At
Wangjiawan (about 100 km south of Kunming) it indicates an

TaBLE 8. Precambrian—Cambrian stratigraphy and cali-

age of 588 * 13 Ma and at the locality Meishucun (also south
of Kunming) it gives an age of 587 * 17 Ma. The deter-
minations were on whole rock utilizing a computer with a
modern mass spectrometer and come from well above the
Precambrian—Cambrian Boundary. In these cases, however,

there was no extraction of illite and no crystallinity index is
available, the ages may thus be somewhat too high due to the
presence of inherited detrital minerals {compare with dates in
Table 7).

A recent unpublished report from Luo Huilin {(Kunming,
Yunnan, China) states (without the essential details which
will be made available} that an isotopic age of 580 + 8 Ma
has been determined from a horizon at 5 m above the Pe-¢
Boundary global stratotype point in the Meishucun section
{Zone /i contact) Jinning County, Yunnan. This is given in
Table 9.

Other good sections showing probably complete strati-
graphic successions from the late Precambrian Sinian System

brating isotopic date, Guizhou Province, China.
For authors (4) (6) and (9) see Table 7.

Cambrian Niutitang Formation 569 = 12 Ma {4} (6) (9} Rb-Sr

hiatus

tn some piaces only

Cambrian Dengying Formation
(upper part)

Sinian Dengying Formation
{lower part}

TABLE 9. Precambrian—Cambrian stratigraphy and calibrated isotopic dates, East Yunnan Province, China. The
recommended global stratotype section and point for the Pe-e Boundary is situated in this province at
Meishucun, Jinning County at the level shown below.

Periods Lithostratigraphy Isotopic dates {Ma) Biostratigraphy
& method — stages & zones
& authors {Table 7} . & lithostrat, units
Yuanshan % ) g
3}
Member 2 & E O
W - <
Units 13—15 w Z % =
Z. = s “
(72 m) 3 =) 5
Qiongzhusi
{Chiungchussu) 588 £ 13(4) (6) RbSr o
Formation 587 = 17(4) (6) (9) RbSr = n
CAMBRIAN Badaowan Member 612 £ 36(3) (6) RbSr ; >
Units 9-12 {34.m) 603 + 31 (3) (6) RbSr z =
580 % 8(5) {6) Rb-Sr c 5
S88 + 13(4) (5) (9) Rb-Sr N
585 + 15(5) (6) Rb-Sr
3}
Dahai Member o %
Unit 8 (1.1 m) = &
A9} -~
580 + 8(9) RbSt % =
=
SINIAN-CAMBRIAN PRECAMBRIAN-CAMBRIAN N = %
BOUNDARY BOUNDARY &
Zhongyicun g
Member 48
Units 3—7 (11.6 m) e =
Yuhucun ; i
Formation Z =
Q o
Xiawaitoushan NoOZ
Member:
Units 1 & 2 (8.2 m}
Bayanshao Member
SINTAN

{Precambrian)

DENG-
YINGXIA
STAGE

Iiucheng Member

Zone 1 : Anabarites—Circotheca Zone (A-C)

Zone 11 : Paragloborilus— Siphogonuchites Zone (P-§)
Zone 111 : Sinosachites— Eonovotatus Zone (S-E)
Zone 1V : Parabadiella Zone {P)

Zone V : Eoredlichia Zone (E)
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into the Cambrian System with the earliest Cambrian shelly
fossil assemblages from above the horizon currentty selected
for the Precambrian—Cambrian Boundary by the IUGS-
IGCP International Working Group are found {a) in Western
Sichuan Province (b) South-western Shaanxi Province and (c)
Xinjiang Province in NW China. This illustrates the wealth of
stratigraphically controlled sections in China across the
Precambrian—Cambrian Boundary with numerous radio-
isotopic potentialities.

North-west Europe and Africa

Isotopic age determinations of great current interest and
relevance come from (Odin ef al. 1983):
i. France : Vire-Carolles granite, 540 + 10 Ma
2. Morocco @ Anti-Atlas syenite, 534 £ 10 Ma
3. England : Ercall granophyre, 533 £ 12 Ma
Rushton schists, 536 + 8 Ma

The Vire-Carolles granite (Pasteels & Doré 1982; Doré 1984}

The Vire-Carolles granite intrudes the Upper Brioverian
Slates of the French Massif Armoricain. Pasteels & Doré
(1982) state that ‘no fossils have been found in the Upper
Brioverian flysch’. The Vendian microfossils reported from
the Brioverian apparently occur in the Middle and/or Lower
Brioverian. The Brioverian was folded during the Cadomian
phase and is about 6000 m thick and the possibility that it
includes unfossiliferous Cambrian as well as fossiliferous
Precambrian strata cannot be excluded and is examined
below.

The mainland Upper Brioverian does not yield body
macrofossils but the offshore island of Jersey exposes rocks
which are correlated with the maintand Upper Brioverian on
lithological grounds. Duff (1978) postulated a late orogenic
{post-533 £ 16 Ma) phase of ‘Cadomian’ deformation in
Jersey. Squire (1973} found trace fossils {e.g. Sabellarites in
these beds. These trace fossils may, in the opinion of the
authors (although some of the information is unpublished and
uncertain). indicate a late Precambrian or Cambrian age on
palaeontological grounds but Sabeilarites is known also from
the Ordovician system in Canada {Squire 1973; Crimes &
Anderson 1984). In central Brittany Brioverian strata have

yielded Planolites.
Microfossils from the late Proterozoic Brioverian rocks

have recently been commented upon by Mansuy & Vidal
(1983). Specimens are comparable to late Proterozoic
microfossil taxa Sphaerocongregus and Baviinella reported
from localities in North America, Scandinavia, Greenland
and elsewhere. There seems no doubt as to their Precambrian
age. The exact stratigraphical level of the rocks yielding these
microfossils from France is not given or discussed by Mansuy
& Vidal so the possibility that other higher Brioverian strata
were still being deposited when the Cambrian period
commenced must be considered with impartiality, even
though Mansuy & Vidal give a geochronometric age for the
Brioverian as 670—640 Ma in the locality of provenance of
their fossils. At this locality (Quibou in eastern Brittany) the
microfossils came from black siliceous rocks interstratified in
a Lower and Middle Brioverian sedimentary sequence which
is intruded by plutonic rocks dated at 670 Ma and overlain by
volcanics dated at 640 Ma. The age of the Upper Brioverian
on the other hand. which is unfossiliferous, seems unknown
on either a chronostratigraphic or a chronometric basis and

may be partly Cambrian and partly Precambrian. It also
seems fair to comment that the whole of the Brioverian could
be Vendian (Pe) age giving an age for the Pe-e Boundary
which may be much less than 540 Ma if time allowance is
made for the unconformity at the top of the Brioverian as
well as for Vendian times and assuming that 540 Ma is the
correct age for the Vire-Carolles granite (see below).

Unconformably overlying the granite on the mainland of
France are a Red Conglomerate formation and arkoses which
are probably continental and contain no fossils. A Schistes
et caicaires formation overlying the Red Conglomerate
Formation yielded a putative worm which is now identified by
Doré (1984) as ?Coleoloides sp. This genus is known from the
Atdabanian stage but has also been referred to younger
horizons of the Cambrian. Brasier ef «l. (1978) comment that
“The value of Colecloides tubes for correlation is as yet
untested’. However, the Schistes et calcaires may be cor-
related with the Coleoloides Zone of the United Kingdom
and Newfoundland (probably Lower Atdabanian).

Two sections in Normandy are of particular importance
(Doré 1984):

1. Carteret. (i) A fauna of Atdabanian age in the Saint-Jean-
de-la-Riviere Formation includes Archaeocyathids, Trilobites
(Bigotina), Aldanella, Indianites, Epiphyvton, Botomaella,
Renalcis and stromatolites. (ii) Below this two levels occur —
a higher with Allonia, Chancelloria, and Eotheca primiiiva
and a lower with Planolites, Skolithos, Phycodes and
Taphrhelminthopsis. No base 1s seen. These two lower faunas
belong to the Carteret Formation which Doré interprets as of
Tommotian age but in the opinion of the authors might be of
Atdabanian age.

2. Zone Bocaine. (i) An Atdabanian age fauna of Cir-
cotheca and Fordilla equal to (i) of Carteret. {ii) Below this
Scolicia and Cochlichnus. (iil) Near the base of the cover
rocks — Monomorphichnus, Taphrhelminthopsis, Helmin-
thopsis, Planolites, Phycodes and ?Coleoloides.

These faunas from (ii) and (iii} are assigned by Doré (1984)
to the Tommotian age but could in the authors opinion be
of Atdabanian age and this would be especially true of
Coleoloides (if correctly identified) because of arguments
presented below. Colecloides could indicate an Atdabanian
age.

(iv) below (iii} is an unconformity with below it Upper
Brioverian Flysch intruded by the granodiorate of Vire which
gives an isotopic date estimated at 540 + 10 Ma on monazite
and a whole rock isochron of 615 = 10 Ma, both dated by
Rb/Sr methods.

The Coleoloides Zone was until recently considered to be
the basal zone of the Lower Cambrian succession in south-
eastern Newfoundland but Bengtson & Fletcher (1983)
now recognize two assemblages. the upper one being a
Coleoloides typicalis assemblage of Atdabanian age with a
lower Aldanella attleborensis assemblage which is equivalent
to the Tommotian stage with a typical content of Aldanella
attleborensis, Heraultipegma n.sp., and Fomitchella cf.
acinaciformis. If correlatable Massachusetts occurrences are
included then this Tommotian Aldanella attleborensis
assemblage can be taken to include Lapworthella n.sp. and
Anabarites  tripartitus  while the Coleoloides typicalis
assemblage contains trilobites as well. Correlations across the
Atlantic also support the Atdabanian age of the Coleoloides
typicalis assemblage and there is no indication that
Coleoloides spp. occur in beds of Tommotian age,

The marine sediments also contain trace fossils of
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arthropods (Monomorphichnus) and gastropods {Taphr-
helminthopsisy (Doré 1984) which may be Atdabanian or
Tommotian. They are not yet -chronostratigraphically
diagnostic (Crimes & Anderson 1984) but may be even
younger in range as may the heteractinellid sponges and
hyolithids. The significance biostratigraphicaily of these and
other trace fossils in the late Proterozoic and early
Phanerozoic eons is being studied globally and at present
their biostratigraphic zonation has not been established
with regard to the correlation of the recommended
Precambrian—Cambrian Boundary.

Other Cambrian faunas in this part of France are of
uncertain stratigraphical relationship to the strata uncon-
formably overlying the Vire-Carolles granite and there seems
to be no certain palaeontological evidence that early
Cambrian beds older than the trilobitic Atdabanian strata are
present in the whole region or if they are that they can be
related to the strata resting on the granite. Further work is
required on the stratigraphy and palacontology: the area is a
difficult one geologically.

The age of 540 + 10 Ma for the Vire-Carolles granite was
adopted by Pasteels & Doré {1982) only after considerable
discussion of a large body of generally discordant U:Pb,
Rb:Sr and K:Ar data and setting aside the alternative date of
615 £ 10 Ma (Rb/Sr whole rock). It is based on the Pb:Pb
ages of "high temperature acid-washed aliquots’ of monazites
one of which yielded a concordant age of 354 Ma. It s
pertinent to note that Pasteels & Doré (1982) themselves
comment that *The significance of the monazite age
(540 = 10 Ma) remains open to discussion in the present case.
It cannot be ascertained that it corresponds to the age of the
granite emplacement and crystallization, as in other reported
cases (e.g. Gulson & Krogh [973). In any case. monazite,
because of its frequent occurrence in Mancellian granites and
euhedral shape in some cases. may be regarded as a primary
constituent yielding, if not a crystallization age, a closure
time. This closure corresponds, according to all availabie
data, to a rather high temperature’,

From the monazite ages in Pasteels & Doré {1982, Table 1)
of 550 £ 10 Ma, 542 + 9 Ma, 547 + 10 Ma. 543 + 17 the age
of 540 £ 10 Ma is taken by Pasteels & Doré (1982) but there
may be disagreement with this (W. Compston, pers. conmm.
1983}. Whether one locks at the monazite data in isolation or
at the total body of geochronological data the age of intrusion
of this particular igneous body is somewhat amhiguous. The
various K:Ar and Rb:Sr determinations strongly suggest
Palaeozoic disturbance(s). Althcugb 1t might be more
prudent to adopt the one concordant monazite age — ¢.554
Ma (RG 100.3073 — as the best estimate of the age of cooling
of this igneous body the total stratigraphic and geochemical
uncertainties greatly diminish the value of this body in the
definition of the Cambrian time-scale.

The stratigraphic levels in the Normandy successions which
are not yet clarified are:

(a) the Atdabanian—Tommotian boundary;

(b} the Tommotian—Vendian boundary {Precambrian—

Cambrian Boundary) which could be:

(i) above the unconformity (that is the unconformity

between the Brioverian flysch and the cover rocks)

or (i1} below the unconformity

or (iii) at the level of the unconformity.

These questions clearly affect the value and interpretation
of the isotopic data of 540 * 10 from the Vire-Carolles
granite in calibrating the chronostratigraphically defined Pre-

cambrian—Cambrian Boundary based on a global stratotype
section and point {holostratotype).

Considerations of tectonic grade or style or sedimentation
are not pertinent in this context — the desired factors in
biostratigraphy {which is the guiding principle in defining the
position of the Precambrian—Cambrian Boundary) is palaeo-
biological. In the Normandy successions we have a clearly
Atdabanian fauna with trilobites and a clearly Vendian fauna
with microfossils at some level in the midst of the Brioverian
succession. The Precambrian—Cambrian Boundary is based on
a global stratotype section and point {holostratotype).

Considerations of tectonic grade or style or sedimentation
are not pertinent in this context — the desired factors in
biostratigraphy (which is the guiding principle in defining the
position of the Precambrian--Cambrian Boundary) is
palaeobiological. In the Normandy successions we have a
clearly Atdabanian fauna with trilobites and a clearly
Vendian fauna with microfossils at some level in the midst of
the Brioverian succession. the Precambnian—Cambrian
boundary level lies between. The great progress in study of
small shelly fossils, other macro- and microfossils, trace
fossils and other palaeobiological evidence in the years since
the wvisit of the Working Group on the Precambriun—
Cambrian Boundary in 1974 is manifest. The Normandy
succession seems to be the most favourable in continental
Europe for the establishment and calibration by chronometry
of a regional stratotype of the Pe-¢ Boundary if further progress
can be made.

It is not as yet proved stratigraphically to the bighest
requirements that the intruded Upper Brioverian is Pre-
cambrian, it may be Cambrian in its upper part, and in any
case, as no characteristic Tommotian fossils are found. the
unconformably overlying sediments may be younger than the
earliest Cambrian and belong to the Atdabanian Stage. The
Vire-Carolles granite may be intruded into Cambrian strata
and represent an age above the Precambrian-Cambrian
Boundary as may be internationally defined by 1UGS.

Anti-Atlas syenite, Morocco

Results of this U-Pb attempted dating of the Precambrian—
Cambrian Boundary in Morocco have recently been discussed
by Lancelot (1982}, Gale (1982} and QOdin et af. {1983).
There appears to be some doubt in the geochronometry
(W. Compston, pers. comm.'). There is no uncontrovertihle
evidence of Tommotian (early Cambrian) age fossils in this
region {Rozanov & Debrenne 1974} the archaeocyathids
found are Atdabanian in age and arc probably not earlicst
Atdabanian either (Debrenne & Debrenne [Y78). The
trilobites found stratigraphically below the arcbaeocyathids
cannot be shown by biostratigraphic considerations to be
older than Atdabanian: Tommotian trilobites are not known
to occur anywhere (Sdzuy 1Y78). Putative trilobites claimed
from the Tommotian of cast Siberia can be discounted as a
probable misidentification {Cowie & Rozanov 1983).

In the High Atlas the Bou Qurhioul rhyolite of the
Ouarzazate Group has been dated by U-Pb on zircons at
578 + 15 Ma {(Jetry er al. 1974},

* Three of the four analysed zircon fractions plot practically in the
same place on the Concordia diagram. Thus for all intents and
purposes the Discordia line is defined by two points which are very
close together. Furthermore the fourth datum point which effectively
defines the Discordia line s the least radiogenic fraction and would
be most susceptible te any error in the common lead correction.
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TaBLE 10. Schematic succession in Morocco

(Schisto-calcaire series Archaeocyathids and

(
Atdabanian  {

and/or ?Tommotian

?Tommotian Lie de vin Series

and/or ?Vendian (Adoudounian)
Vendian Calcaire inferieur Series

{Adoudounian)

Vendian Precambrian III

(Calcaires superieur series

trilobites

Archaeocyathids and
trilobites in upper part

Stromatolites

(Ouarzazate volcano-sedimentary group)

The Lie de vin series of the Adoudounian Stage contains
stromatolites which could well indicate a Precambrian age
(probably Vendian} according to Schmitt (1978 & pers.
comm. 1983) and Choubert (1984). Bertrand-Sarfati (1981)
disagreed with Schmitt’s earlier work when he identified and
described the stromatolites and suggested a Tommotian age
but Schmitt verbally disagreed with Sarfati’s 1981 conclusions
in 1983. Many biostratigraphers do not favour the use of
stromatolites to differentiate late Precambrian from early
Cambrian strata and as there are no other grounds in bio-
stratigraphy available in the case of the Lie de vin Series it
can be Vendian and/or Tommotian in age. Lancelot {1983}
and Doré (1983) stated *‘Adoudounian is a rather informal
equivalent of the Vendian.’

The latest opinion of Choubert (1984}, a geologist working
in Morocco, is that the Jiucheng Member of the Yuhucun
Formation (Precambrian Sinian system of Yunnan Province,
China) with its Vendotaenia, Chuaria {?) and acritarchs
(Table 9) can be correlated with the marine beds of the Serie
Lie de vin of Morocco with its stromatolites such as Linella
avis {Parmites), Tungussia inna, Tifounkeia which indicate a
Vendian age. The Calcaires superieur Series of Morocco
above do not contain ‘small shelly fossils’ but display
stromatolites such as Aciciella angepina which is known from
beds assigned to the Lower Cambrian in Australia but where
their Tommotian or Atdabanian age is not substantiated.

The association of stromatolites with  diagnostic
Tommotian—Meishucun small shelly fossil assemblages has
not been recorded or established.

Although Choubert’s interpretation of both the Jbel Boho
syenite and the trachytic lavas occurrences as volcanic is com-
monly accepted the suggestion is made here that the possibility
of the dated syenite (534 + 10 Ma) being intruded into the
lavas should be re-examined in case it occurred later than
previously thought. There seems to be no published evidence
that the syenite is actually in contact with sedimentary strata
and that these strata conformably or unconformably overly
the syenite. According to Choubert {1952) field observations
suggested that the syenite represents a feeder to the trachyte
lavas and that the syenite and trachyte are more or less
contemporaneous; such evidence is. however. notoriously
difficult to demonstrate. A further visit could be worthwhile.

The absence of the earliest Cambrian (Tommotian) faunas
in Morocco, on results reported to date, mean the position of
the Precambrian—Cambrian Boundary in the pgeological
column in this region on the basis of stratigraphical criteria is
poorly defined and controversial. The 534 = 10 Ma date may
not be bracketed stratigraphically between Precambrian and
early Cambrian series and does not unequivocally delineate
the age of the Precambrian—Cambrian Boundary as claimed

by Gale (1982). The Moroccan section is indeed one of the
best sections spanning latest Precambrian and Early
Cambrian times but the absence of diagnostic fossil evidence
at the critical levels which could be equivalent to the
Tommotian—Meishucun (11 & [il) Stages is a serious dis-
advantage. Further discoveries and field work could elucidate
the situation in this relatively accessible region. If the Jbel
Boho syenite with its recommended age of 534 *+ 10 Ma is
emplaced no higher than the Calcaire inferieur Series
(Precambrian: Vendian) and its associated trachytes are
interbedded with that series then the Pe-e Boundary could be
much younger than 530 Ma leaving a very short duration of
only 10—15 million years for the Cambrian period with little
time for the many Cambrian events (including biological
evolutionary changes) which are known to have taken place.

Ercall granophyre (533 + 12 Ma) and Rushton schist
(536 + 8§ Ma & 667 + 20 Ma)

The Ercall granophyre (533 + 12 Ma) is a small (830 m X
300 m maximum dimensions) intrusien which is probably
faulted against Permian rocks on its north-western margin
and against Uriconian tuff and agglomerate on its northern
margin {Geol. Surv. GB map compiled by Hains 1978).

A more accurate determination of the Rb-Sr isotopic age of
the granophyre has recently been made {Beckinsale et al.
1984) and is given above. Further research in Canberra,
Australia with U-Pb analyses seems to corroborate the date
(W. Compston et al., pers. comm. 1984). According to a
preliminary abstract from Compston and his colleagues these
U-Pb analyses have been made on two multi-grain samples of
zircon by isotope ditution and on 15 single zircon grains by
ion microprobe. *’Pb/”"Pb ages agree at 565 + 7 Ma — this
older date may be spurious due to a content of older zircon
xenocrysts while most of the other grains appear to be con-
cordant at 531 + 5 Ma (20). 531 = 5 Ma can therefore be
interpreted as a well-substantiated isotopic age for the Ercall
granophyre. Rb-Sr dates in close agreement with U-Pb dates
on the same rock body have a special value and this applies
not only to the Ercall granophyre radiometric dates but also
to the similarly.. substantiated Cambrian dates from the
Shuijintuo Formation of the Yangtze area, Hubei Province,
China,

The south-eastern margin of the granophyre abuts against
the Wrekin Quartzite: in the present state of paucity of
outcrops the contact of the granophyre with the quartzites is
little exposed. Published records and maps are equivocal but
it has been a common assumption that the Wrekin Quartzite
1s unconformable on the granophyre. This seems to be an
error partly based on an incorrect chronostratigraphic age
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TaBLE 11. Precambrian—Cambrian stratigraphy, Shropshire, England
Lower Comley Sandstones and Limestones }
Cambrian ) up to 200 m thick
Wrekin Quartzite )
unconformity
Wentnor Group: sedimentary rocks )
; )
Longmyndian ,
to 6000 m thick
(Precambrian} % up e m thie
Stretton Group: sedimentary rocks }
Gneisses, Schists, Andesite, Tuff,
Uriconian
{Precambrian)

Agplomerate, Rhyolite

Intrusive igneous rocks ) 1. Felsite

assignation of the Ercall granophyre as contemporancous
with the Uriconian rocks. Elsewhere in Shropshire there are
good grounds for assuming an unconformable relationship
between Lower Cambrian strata and the Uriconian. The
contemporarneity of the Ercall granophyre and the Uriconian
volcanics is probably not a valid assumption.

The local rocks and succession are usually accepted as
follows (Table 11):

In England there are many non-sequences and angular
unconformities in rocks ranging from putative late Pre-
ambrian to undoubted Lower Cambrian strata with trilobites.
A summary of Lower Cambrian transgressions and related
factors has been published hy Brasier (1980).

The Uriconian seemed for long to be undoubtedly Pre-
cambrian on the time-scales accepted in the past and parti-
cularly as the provenance of three samples of rhyolites from
the Wrekin and their derived dates were taken as reliable,
ranging from 677 + 72 Ma to 632 = 32 Ma (Fitch ef af. 1969}
Baker (1971) cast some doubt and Patchett er af. (1980)
disagreed entirely with these results by Fitch e al. given in
1969 and substituted new estimates of 540—560 Ma on the
basis of Rb-Sr dates which tbey claimed were more accurate.

The Longmyndian was coloured as part of the Cambrian
Systemn in early British Geological Survey maps. Stubblefield
{1956: Fig. 1 and p. 5}, in his diagram to illustrate history of
research, shows Longmyndian as Cambrian by the authority
of various authors until 1873 when both Hicks and Sedgwick
still referred the unit to Lower Cambrian. Lapworth in 1898
placed it in the Precambrian on grounds which might not be
accepted without question today. In the Cwms (2.5 kms east
of Church Stretton} the basal Wrekin Quartzite appeared in
earlier times to lie upon some purple beds (faulted between
Eastern Uriconian rocks) which were thought to be equi-
valent to the Western Longmyndian stratigraphic unit. These
outcrops are no longer visible and records of excavations are
uncertain/unknown. Purple arkose at the base of the Hartshill
Formation and at the base of the Lickey Hill Quartzites
suggests that if and when seen unfaulted the base of the
Wrekin Quartzites could be arkosic and purple. The pre-
viously reported purple beds in the Cwms may thus have
been basal Wrekin Quartzite. It seems as if no contact of
Wrekin Quartzite or other undoubted Cambrian strata with
Longmyndian strata has been seen without doubt, Otherwise
no rocks older than Upper Ordovician rest directly on the
Longmyndian (Pocock ef af. 1938). Attempts have been made

} 2. Granophyre (Ercallite)

to correlate the Longmyndian Wentnor Series rocks with the
Torridonian rocks of NW Scotland on lithological. sedi-
mentological and magnetostratigraphic grounds. Greig et al.
(1968) scemed to agree with this correlation on magnefo-
stratigraphic grounds. Radiometric dating of the Torridonian
suggests a minimum age of 800 Ma and it may be more. It
seems probable that both Torridonian sedimentaries and
Monian metamorphics may well he older than the Long-
myndian. Recent dates on rocks from the Longmynd (Bath
1974), from illitic shales of the Strettonian Series, give well-
defined isochrons of 452 + 31 Ma and 529 = 6 Ma. Bath
interpreted these determinations as dating the final
movements of ions by pore waters and that. by extrapolation
of ¥7S1/%Sr ratios back to reasonable (assumed) initial values,
the time of deposition was likely to be about 600 Ma and
could represent Cambrian or very late Precambrian. He
further suggested that the deformation of the Longmyndian
took place very soon after deposition and the putative
Cambrian and younger isochrons may indicate subsequent
mild metamorpohic events. If the Ercall granophyre is not in
fact part of the Uriconian then this interpretation does
ameliorate the problem of its relationship with the Long-
myndian.

According to Beckinsale et al. {1984c) the geochemical data
demonstrate that the Ercall granophyre cannot be simply an
intrusive equivalent to the Uriconian rhyolites; also the
chronostratigraphic age of the Longmyndian could be
elucidated by new micropalaeontological work now being
undertaken by the British Geological Survey (Beckinsale
pers. comm. 1984). Recently published results on microfossils
from the Longmyndian succession (Peat 1984) describe and
illustrate nematomorph cryptarch assemblages (trace fossils)
which appear not to conflict with the author’s assumed
Precambrian age for the Longmyndian strata,

No Ercall granophyre pebbles have been found in, or
associated with, the Wrekin quartzite beds. At the present
stage of research it seems reasonable to assume that the
Ercall granophyre is not of the same age as the Uriconian
rocks and there is now agreement with the author’s sug-
gestion in 1982 that the Ercall granophyre is intrusive (and
faulted) into the Wrekin Quartzite and the Uriconian rocks.

The geological setting of the Rushton Schist is different
from the rocks of the Ercall and the Wrekin hills; it is
extremely poorly exposed in low ground to the east and on
present outcrops the relationship with the Lower Cambrian
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sandstones/quartzites is not at all clear in this much faulted
region. How it is physically related in the field to the
Uriconian, Longmyndian and Ercall granophyre rocks is not
clearly established but records indicate it is unconformably
overlain by the Wrekin Quartzite aithough at present
previous evidence is obscured by rubbish dumping.

It can be postulated that the Rushton Schist date of
536 + 8 Ma {as against what is considered to be its true age of
667 = 20 Ma) may be useful as evidence that this younger
Rushton Schists date obtained on the eastern side of the
Wrekin Fault was reset by the Ercall granophyre intrusion
on the western side of the Wrekin Fault. This possibility,
which assumes that no other thermal resetting influence
which operated is at present hidden beneath younger rocks,
suggests that no major transcurrent movements on the
Wrekin Fault (= Church Stretton Fault) have occurred since
the intrusion of the Ercall granophyre about 533 £ 12 Ma
before the present (Beckinsale et al. 1984).

The thermal resetting of the Rushton schist date to 536 + 8
Ma from 667 = 20 Ma (Beckinsale et al. 1984c) seems to
inevitably raise the entire question of possible thermal
resetting of English and Welsh dates in this part of geological
time by igneous activity such as the Ercall granophyre
(533 £ 12 Ma).

The Wrekin Quartzite formation:

1. contains trace fossils (Diplocraterion, Brasier & Hewitt
1979) but the only body fossil (found by Odin) is a fragment
of a horny brachiopod (according to A. W. A. Rushton, pers.
comm.}: it can be correlated lithologically and in strati-
graphical position with the Malvern Quarizite formation
which occurs about 100 km to the south of the Wrekin. The
Malvern Quartzite contains *Obolella’ groomi and Camenelln
baltica typical of the basal beds of the Home Farm Member
of Nuneaton (Brasier & Hewitt 1981) which may be near the
Tommotian—Atdabanian boundary but are most probahly of
Lower Atdabanian age.

2. is overlain conformably by the Comley Sandstones and
Limestones formation which gives abundant fossils of Early
Cambrian age at certain horizons above the base which
indicate an Atdabanian age.

3. correlates lithologically with the Hartshill Quartzite to
the east of Shropshire in the Midlands of England but the
Wrekin Quartzite may be younger (Brasier e al. 197§;
Brasier et al. 1981; Brasier 1982).

Diachronism in these arenaceous deposits must be con-
sidered as a factor in correlation schemes.

The Hartshill Quartzite Formation of the Nuneaton region
in the Midlands of England is of special importance because
of its significance in biostratigraphic correlations with other
parts of the world. In 1978 Brasier ef al. correlated the lower
part of the Hartshill Formation with the top of the
Tommotian Stage of the East Siberian Cambrian but
Matthews & Cowie in 1979 cast doubt on this correfation. In
1981, however, Brasier revised his estimate of the age of the
lower part of the Hartshill Quartzite on the basis of further
palasontological and palaeoecological studies. There now
seems to be evidence only for a correlation with certainty to
the Atdabanian Stage with some chance of late Tommotian
and less or none of Vendian. Both the low-diversity trace
fossil assemblage and the body fossil assemblage may be
condensed and/or transporied and/or reworked and are
probably diachronous facies faunas.

Brasier {in Cowie 1982) stated that the ‘earliest English
shelly faunas may be approximately of Schmidtielius

mickwitzi or Fallotaspis age’: these trilobites indicate an
Atdabanian age.

From these dates in Shropshire of the Ercall granophyre
and the Rushton Schist (533—536 Ma) taken together with
evidence from the English Midlands {the Nuneaton diorites
and Charnwood Forest igneous relationships with soft-bodied
metazoan fossils of Ediacaran/Vendian age) (Cribb 1975) it
can be claimed that there is strong evidence that there was an
episode of igneous activity in England between at least 530
and 550 million years ago.

Cambrian rocks in the whole region may be no older than
Atdabanian or just possibly the youngest part of the
Tommotian.

The only data available at present for the geochronometric
duration of the Cambrian part of the Meishucun Stage
(Zones 11 & III) are from China (modern dates are not
available for the probably equivalent Tommotian stage of
Siberia). Estimation of the radioisotope dates for the lower
and upper boundaries of this earliest part of the Cambrian
period place them at about 595 Ma and about 575 Ma giving a
duration of about 20 Ma (Tables 7 & 9). This figure may seem
excessive to many (including Snelling 1982) when it is related
to the thickness of strata known (although this varies) but
there could be time unrepresented by strata due to sedi-
mentational hiatuses.

The Ercall granophyre (533 + 12 Ma) can only be seen in
outcrop at present to intrude and postdate the upper part of
the up to 50 m regional thickness of the Wrekin Quartzite
(late Tommotian—early Atdabanian in chronostratic age).
Before erosion took place at a higher level above the present
hill the granophyre probably then cut younger Cambrian beds
then present due to depositional or tectonic dip of the strata.
The extra height above the present summit for this to have
occurred need only be of the order of 60 m. It is also possible
that today the subterranean intrusive margins of the
granophyre could cut the Atdabanian trilobitic upper part of
the Comley Series or even, possibly, the Medial Cambrian,
Distances involved are quite small. The youngest Cambrian
outcrops, at the junction with the Ordovician Tremadoc
Series, are at present only about 600 m eastwards horizontally
from the eastern intrusive margin of the Ercall granophyre.
The presence of a camptonite intruded into the Tremadoc
Series at Maddocks Hiil {outcropping about 900 m east of the
eastern margin of the Ercall granophyre) is also of interest —
other igneous bodies may be hidden in the region.
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A speculative estimate in numerical terms for the cali-
bration of the chronostratigraphic scale on current British
evidence could be as follows:

1. Relying only on present observable outcrops the Ercall
granophyre (533 = 12 Ma) is seen to cut some horizon in the
Wrekin Quartzite not far from the top of the maximum
known thickness elsewhere of 50 m, levels which are strati-
graphically Atdabanian in age. The Atdabanian Comiey
Sandstone outcrops only 50—70 m from the eastern margin of
the intrusive Ercall granophyre and has a regional dip to the
east of 35° (Beckinsale et al. 1984c). This could therefore mean
that the Ercall granophyre was, on present outcrops, intrusive
into possibly the latest Tommotian, or probably earliest
trilobitic Atdabanian stages of the Comley Series. This gives
a minimum chronometric calibration age for the latest
Tommotian or earliest Atdabanian of 533 = 12 Ma.
Assuming from Chinese dates that the total Tommotian Stage
(?=Zone 1I & IlI of the Meishucun Stage) had a duration of
20 ma (Tables 7 & 9) then the Precambrian—Cambrian
Boundary could be, say, 22 Ma earlier than the Ercall
granophyre dates, i.e. 555 Ma. The duration of the earliest
Cambrian stage is, of course, debatable.

2. If the eroded higher levels of the Ercall granophyre had
in the past intruded into the previously overlying main part of
the trilobitic Atdabanian Comley Series then the Pe-e
Boundary date could be adjusted by, possibly, a total of
25 Ma added to the Ercall granophyre date. This speculative
estimation gives a date of 558 Ma for the Precambrian—
Cambrian Boundary. Intrusion into Middle Cambrian or
later, which is speculative, but not impossible, would give a
mid—point age for the Precambrian—Cambrian Boundary of,
say, 565 Ma. The aerial extension of these hypotheses though
probable can only be speculative, the subterranean situation,
however, could be tested by boreholes or geophysics.

Patchett et al. (1980) gave a Rb-Sr whole rock isochron age
of 558 = 16 Ma from felsic tuff samples from the Eastern
Uriconian volcanics exposed in Leaton Quarry (about 3 kms
north-east of the Ercall hill on the western side of the Wrekin
Fault}. This can be taken as a lower side of the bracket to
date the Precambrian—Cambrian Boundary, i.e. from 542 Ma
to 574 Ma allowing for the date’s errors.

If the above arguments were correct the 6000 m thick
Longmyndian may be narrowed in duration to 3 Ma or less if
it was post-Uriconian and pre-Cambrian as has been often
postulated.

Beckinsale ef af. {1984a, 1984b} reported new Rb-Sr dates
of 549 + 19 Ma from the Sarn igneous complex intrusion in
North Wales and 542 + 12 Ma from the Parwyd gneisses in
the same region, both these rock suites are considered to be
part of the Mona Complex in North Wales which is reported
to include Cambrian rocks with fossils (Downie 1975; Muir ef
al. 1979). It seems quite unproven that the Mona Complex is
a basement to the Cambrian basin in the whole of North
Wales: the evidence is lacking.

Both the Sarn igneous complex and the Parwyd gneisses
can be considered to be regionally unconformably overlain by
Arenig strata of Ordovician age and are consequently pre-
Arenig. Whether these igneous and metamorphic rocks were
formed or laid down or metamorphosed in Cambrian or
Precambrian times seems unprovable at present even
invoking petrogenetic and structural arguments. The chrono-
stratigraphic position of the Coedana granite of Anglesey
with its age of 603 + 34 Ma (Beckinsale & Thorpe 1979} and
other ages for rocks for putative inclusion in the Mona

Complex —— 542 = 17 Ma — may reflect igneous and
metamorphic events contemporaneous with sedimentation in
North Wales in Cambrian times (Beckinsale ef al. 1984b). It
can be further suggested that the Cambrian rocks of the
Mona complex are older than any of the other Cambrian
rocks of the main crop in North Wales (including the Harlech
Dome sedimentary rocks) but the position of the Arvonian
volcanics below the Cambrian grits in the borehole at the
centre of the Harlech Dome raises other problems. It seems a
hazardous assumption to make bracketing calibrations of the
Precambrian—Cambrian boundary on the basis of collations
of radioisotope dates from contrasting facies, basins and
igneous situations from Nuneaton through Shropshire to North
Wales— Anglesey (Beckinsale et al. 1984 a, b, c). The chrono-
stratigraphic position of the Precambrian—Cambrian boun-
dary in these regions is basically controversial and unknown.

It can be emphasized, in agreement with Beckinsale (1984)
that, like the position in Normandy, Morocco and elsewhere
in the world, the biostratigraphic control is still inadequate —
and using similar criteria to the above it is possible that both
the Uriconian volcanic rocks and the Longmyndian sedi-
mentary rocks may belong to the Cambrian period if new
evidence, with palaeobiological or other correlations in
chronostratigraphy becomes available. Alternatively finds of
Precambrian diagnostic fossils could place the rocks of
provenance unequivocally below the Precambrian—Cambrian
Boundary.

The Middle East: The Arabian—Nubian massif, Sinai and
Dead Sea

The crystailine basement of the Arabian—Nubian mass is
overlain unconformably by a sedimentary cover: the oldest
part of the cover consists of continental sandstones with
intercalated marine beds which yield fossils of Early
Cambrian age as defined in chronostratigraphic terms. The
chronometric Rb-Sr age determinations suggested to Bielski
{1982) that the Lower Cambrian section may be younger than
530 Ma.

A thermal event at 530-340 Ma affected the basement
rocks which are truncated by a regional unconformity. An
erosional surface (a peneplain} developed on which the
fluviatile Nubian Sandstone was deposited; intercalated
marine shales and dolomites contain trilobites in southern
Israel and in Jordan, along the line of the Gulf of Elat and
the Dead Sea.

Bielski {1982, Table I} correlates these faunas with those of
Morocco. The basement ranges in age from 800—580 Ma.
Volcanics cutting and unconformably overlying the basement
rocks were sampled and gave a Rb-Sr whole rock isochron of
548 £ 5 Ma which was interpreted as an age of extrusion.

A younger granite {Mandar Granite of southern Sinai)
intrudes into granites of 600580 Ma age and itself gives an
age of 529 £ 9 Ma. This younger granite is not visibly related
to the unconformity: ‘the peneplain in this region is missing’
(Bielski 1982). It may therefore be Cambrian on chrono-
stratigraphic grounds; there is no certainty that the inter-
pretation by Bielski that the peneplain has been destroyed by
the erosion of 1000 m to 2000 m of rocks overlying the
Mandar granite is correct. The thicknessess of strata assumed
to have been there are great and so are the distances from
observable peneplanation. The chronostratigraphic age of the
Mandar granite’s intrusion is hypothetical,

No thermal effects have been found in the sediments above
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the peneplain: the authors would question if these effects
would be detectable anyway in the predominantly sandstone
strata.

The biostratigraphic correlation of the Lower Cambrian of
the Middle East with Morocco is not precise in either the
Dead Sea or in the southern Negev: the latter is assumed to
be the younger by Bielski (1982, Tabie I). On the basis of the
trilobite fauna listed. the Lower Cambrian strata must be
assigned to the Atdabanian Stage and may not belong to the
oldest part of the stage.

It seems, therefore, that the only stratigraphically possible
date for the regional base of the Cambrian is the date of
548 + 5 Ma which gives a maximum age for the lower part of
the Atdabanian Stage. Allowing for the possible duration of
the basal Cambrian stage plus, possibly, a part of the lowest
Atdabanian Stage) a rough estimate for the age of the
Precambrian—Cambrian Boundary instant could here be
565 Ma or more.

North America

Holyrood granite, §. Newfoundland, Canada

Gale (1982) gives the recomputed date for the Holyrood
granite as 585 * 15 Ma. The Holyrood granite is overlain
unconformably by Lower Cambrian strata and Hyolithes and
Coleoloides were collected a few metres stratigraphically
above the nonconformity (Lambert 1971). These fossils
could represent the Atdabanian Stage. The age of the
earliest Lower Cambrian strata here could, on current bio-
stratigraphical arguments, be much younger than the
Precambrian—Cambrian Boundary instant. It would seem
that the maximum age of the Vendian—Tommotian boundary
could be 600 Ma (585 + 15) on this isotope dating and no
reliable estimate of the minimum age is permissible on the
present evidence. The Conception Group is believed to be
younger than the granite and this sedimentary unit is usually
considered to be Vendian and some way below the Vendian—
Cambrian boundary in age. There seems. however, to be some
ambiguity in the historical geology and regional mapping.

Hoppin Hill granite complex, Massachusetts, {JSA

Gale (1982) gives the recomputed date for the Hoppin Hill
granite as 553 = 10 Ma and claims it as a maximum age
(563 Ma) for the Precambrian—Cambrian Boundary. The
Hoppin Hill granite-gneiss is overlain by unmetamorphosed
Lower Cambrian slates containing Obolella from beds above
about 4 metres of basal quartzite. The isotopic date has been
considered to be too low in age due to weathering and should
be > 553 Ma (Lambert 1971). Obolella probably gives a
biostratigraphic indication of Atdabanian Stage. In Comley,
Newfoundland and elsewhere Obolella sp. (sensu strictu)
seem to appear in the Caflavia Zone (late Atdabanian).

These two dates from North America are not closely
definitive for the Precambrian—Cambrian Boundary but
could be indicating a time between 575 and 560 Ma.

Burin Peninsula, Newfoundland, Canada

Isotopic dates from volcanics underlying early Cambrian in
the Burin Peninsula of Newfoundland have been reported in
abstract (Krogh et af. 1983) and require published details
to be made available for their full assessment. They are

U-Pb zircon dates and are reported to range from 623713 Ma
to 60623:; Ma. There is no doubt that the overlying earliest
Cambrian with its Aldanella anleborensis assemblage
(Bengtson & Fletcher 1983) correlates with the Tommotian
Stage of Siberia.

The Cambrian period

Apart from the putative dates for the lower boundary of the
Cambrian period discussed above the only dates which can be
quoted are a computed age of 540 = 14 Ma for the Middle
Cambrian St. David’s Series from the United Kingdom
{Harland et al. 1982) and a fission track date from the Middle
Cambrian of the USA (A. R. Palmer, pers. comm, 1983) of
~ 540 Ma. Both these dates are not yet fully sub-
stantiated (Beckinsale 1984 et al. a, b, c).

It can be noted that the Geological Society of America’s
ad hoc Time Scale Advisory Committee to ‘encourage
uniformity in the citation of numerical ages for
chronostratigraphic units of the geologic time scale' has
established a Decade of North American Geology 1983 Geo-
logic Time Scale (Palmer 1983). For the Cambrian Period
the Precambrian—Cambrian Boundary is given as 570 Ma,
the Early—Middle Cambrian Boundary as 540 Ma,
the Middle—Late Cambrian Boundary as 3523 Ma and
the Cambrian—Ordovician (Trempealeauan—Tremadocian)
Boundary as 505 Ma.

It may be worth commenting that undue and premature
reliance on geochronometry in calibrating late Precambrian
and Cambrian chronostratigraphy should be avoided: this
particularly applies to the use of graphical plots of factors
involving geochronometry, chronostratigraphy, biostrati-
graphy, palaeobiology and palacomagnetism.

Some examples are: (i) faunal diversity curves using
isotopic dates (Sepkoski 1978); (i1) hard ground evolution
through geological periods (Palmer 1982); (iii) magneto-
stratigraphy relating to tectonic plate movements {Kirschvink
1978); (iv) the opening of oceans {e.g. lapetus} (Wright
1974; Anderton 1980).

Conclusions

1. Tbe age of the Precambrian—Cambrian Boundary
calibrated in millions of years still has a wide range of uncer-
tainty. At present the possible range could be 530 to 600 Ma
before present.

2. The figures for the possible age for the Pe-e¢ Boundary
extracted and summarized above are by no means compre-
hensive and also are, perforce, drawn from only a few
scattered points on the surface of the globe: only a small
sample from the many uncalibrated outcrops of late
Precambrian—early Cambrian critical stratigraphic levels
have, ideally, the latest Precambrian and earliest Cambrian
strata containing fossils (and magnetostratigraphic cor-
relations) in maritime Canada, north-west Canada and
Alaska, south-west USA and Mexico, Tierra del Fuego of
Argentina and Chile, Australia, eastern and northern Siberia,
Kazakhstan, Mongolia, China, northern India, Iran, the
Middle East, eastern and western Europe, Greenland and
other areas. Without new reliable dates there can be no
global consensus ‘on calibration of the chronostratigraphic
scale by chronometry near the Precambrian—Cambrian
Boeundary and indeed in the Cambrian period.

3. Diachronism in the arrival in regional successions of the
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earliest Cambrian {e.g. Tommotian—Meishucun Zones Il &
1II) faunas cannot at present be proved or disproved but is a
distinct possibility: a tentative suggestion made already by
one of the authors (Cowie 1964).
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Radiometric dating of Late Precambrian
times

G. S. Odin, N. H. Gale and F. Doré

Introduction

Between about 1979 and 1981 new radiometric data relevant
to the numerical age of the Precambrian-Cambrian boun-
dary became available. Based on this it was suggested in
a recent review (Odin er al. 1983) that the numerical age for
that boundary was probably much younger than usually
accepted, lying probably in the interval of time 520—540 Ma
rather than at about 580600 Ma. This new estimate has
provoked discussions which essentially concern the strati-
graphical location appropriate to these modern dates. In
addition, it has been argued that this new view of the location
of the Precambrian—Cambrian boundary did not take into
account all the available geochronological resuits. We
consider this last remark as unfounded at the time when our
review was submitted for publication {at the beginning of
1982). However, one result of our review seems to have been
to rejuvenate interest in the subject so that there is now more
data to be discussed. Although the scarcity of fully published
results still permits one at present only to propose tentative
conclusions, some facts seem well enough established;
conversely, in our opinion, other data are certainly not as
soundly based as some authors aver. The present comment
tries 1o give complementary information to enable others to
judge both our own arguments as well as those of our col-
leagues.

A fundamental new contribution to this problem is in
progress, i.e. a formal definition of the Precambrian—
Cambrian boundary within the Meishucun stage of China
(apparently now strongly advocated by the 1UGS-IGCP
Working Group voting members, but not yet ratified by the
International Commission of Stratigraphy of IUGS). Given
this new advance and the fact that there has so far been no
analysis of the stratigraphic relations between this possible
new definition and the outcrops that have been radio-
metrically dated, except in China, it might appear that we
could hardly present in this comment any definitive number
to characterize the Precambrian—Cambrian boundary. In
spite of this limitation, we consider it valiable to examine
critically some of the geochronological and stratigraphic data
recently used in the assessment of this part of the time-scale.

We will re-examine first the data taken into account in
QOdin et al. (1983) for which recent discussions have given new
geochemical or stratigraphic information. We will give later
our position on old or new data presently not available in
detail but sufficiently often quoted as to need discussion.

The data from the Massif Armoricain

We have difficulty in accepting some of the geochemical
arguments presented against the use of the data from the
Massif Armoricain for numerical calibration of the
Precambrian—Cambrian boundary.

Let us consider first the radiometric data. J. Cowie
remarked at the Ist annual meeting of the 1GCP Project 196,
London, in November 1983, that the apparent age of the

monazites of the granodiorite of Vire (540 + 10 Ma, Pasteels
& Doré, 1982, NDS 121} may have been rejuvenated. This
seems a very uncertain hypothesis in the light of recent
results.

Since the publication of the paper by Odin er al. (1983),
another age of 540 Ma appeared in the literature concerning
the Massif Armoricain. Peucat in his published thesis (1982)
gives new U-Pb and Rb-Sr results obtained from an outcrop
50 km away from the granodiorite dated by Pasteels. The age
of 540 Ma appears to be that of the metamorphism of the
migmatites of Saint-Malo. The details are as follows:

542 * 62 Ma: whole-rock Rb-Sr isochron from anatectite

granites.

535 £ 5 Ma: U-Pb cooling age or crystallization age of the

monazites from the same granites.

541 = 5 Ma: U-Pb crystallization age of zircons from

a granitic vein contemporaneous with
anatexis.
25 Ma: U-Pb age of sphenes from the same vein.
14 Ma: loss of Pb from detrital zircons (2100 Ma
old) from a paragneiss {U-Pb).

According to Peucat ‘I’dge de 541 £ 5 Ma peut étre retenu
comme "dge du métamorphisme pluri facial et de I'anatexie
survenue dans ie Massif de Saint-Malo’,

These results agree perfectly with the age of the monazites
of the granodiorite of Vire collected at Villedieu. In this
outcrop, the grancdiorite does not present the common facies
of that granodiorite but a whiter one, richer in muscovite.
Although this facies of Villedieu, somewhat hydrothermal,
was produced at the same time as the end of the metamorphic
evolution of the Massif of Saint-Malo, it must be emphasized
that the regional *‘Cambrian’ sediments are absolutely not
affected. Thus, the monazite apparent ages, fully quoted and
appropriately discussed in Pasteels & Doré (1982), cor-
respond to an upper limit for the age of the above deposits.
They must be younger than 530 to 550 Ma, an interval of time
which, if not the crystallization age, is the closure time of
monazite at a rather high temperature.

Let us consider now the stratigraphical data and first the
age of the Brioverian. It was also suggested that it is not
proved that the late Brioverian sediments intruded by the
granodiorite of Vire are not Cambrian. This is to ignore the
clear faunal and floral opposition, in Armorica, between the
Brioverian sediments and the Cambrian sediments (i.e.
‘Cambrian’ sensu lato).

The Armorican Brioverian contains a microflora
(Cyanophyta) recenily described by Mansuy (1983). The
observed taxons (Sphaerocongregus, Palaeocryptidium,
Bavlinella, Favosphaera) have no actual stratigraphic value in
themselves; however, the characteristics of this microflora
seem coherent with those obtained from the late Proterozoic
series from Northern Europe (Mansuy 1983; Mansuy & Vidal
1983). Track fossils are extremely rare in the late Brioverian
sediments. The atypical burrow found by Squire (1973} in the
late Brioverian from Jersey and related to Sabellarites is not
considered by Odin ef al. (1983) as a fossil useful for strati-
graphical calibration, but as an exceptional trace of life of a
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metazoan in the Upper Brioverian. It has been suggested by
some that the age of the post-Cadomian, post-granitic cover is
possibly of Atdabanian age and not of Tommotian age
because it does not yield characteristic fossils. If we extra-
polated this kind of argument to the levels below, we would
be led to a nice sophism: the very old Icartian gneiss could be
of Atdabanian age! Other authors, particularly Cowie &
Rozanov (1983) make completely different deductions from
comparable arguments: on page 136 of this paper and
concerning the bed 8 of the Yudoma formation at Ulakhan-
Sulugur {(East Siberia) these authors consider that the
absence of the rich Tommotian faunal assemblage is not
mainly due to an inappropriate facies but reflects the
evolution of life at the Precambrian-Cambrian boundary.
Why cannot it be the same in the Massif Armoricain?

Returning to the Cambrian of Normandy the following
observations are relevant:

1. In the Western ‘zone bocaine’, above a granodiorite and
the over-lying azoic arkose and conglomerates, the terri-
genous sediments have shown trace fossils; Monomorphichnus,
Planolites and Helminthopsis have been observed by F. Doré.
These traces are described in the recent ichnological
literature as scon as late Vendian times, or in rocks for which
one questions the age to be Vendian or Tommotian. The
‘fossils’ themselves are very rare in that area in the basal
layers of the *Cambrian’ and they are limited to tubes related
to worms (Colecloides). To reach well characterized
Cambrian it is necessary to go up well above in the series.
2. In the Central *zene bocaine’ (section of the Orne River
valley at Saint-Rémy). the fossiliferous *Cambriatt with
Fordilla, hyolithids, only appears with the *Schistes du pont
de [a Mousse’ formation. Obviously, that could be
Atdabanian or Tommotian as well.

Below, there are nearly a thousand metres of strata where
life is represented by colleniform stromatolites {no strati-
graphical meaning for us: F. Doré) and trace fossils (Scolicia,
Monomorphichnus Taphrhelmintopsis) for which the world wide
appearance remains to be studied {Vendian or Tommotian};
but one must note that Monomorphichnus, a presumed trace
of an arthropoda and possibly a trilobite. is at present known
as soon as the Tommotian.

At a small distance away. these strata. of doubtful age, lie
just above the granodiorite of Vire.

In conclusion, the specialists of the Massif Armoricain look
at the problem as follows:

i. In Normandy, the Vendian—Tommotian boundary is to
be sought in the levels located berween the fossiliferous
Cambrian above and the Cadomian discordance below: there
is no reason for suggesting that the Vendian—Tommotian
boundary should coincide with the Cadomian discordance.
2. In the present state of knowledge of the faunal
assemblage, it is most likely that one should relate the levels
above the granodiorite of Vire to the very early Cambrian,
There are no definitive arguments to reject a late Vendian
age. In any case the granodiorite was certainly intruded
before the Atdabanian age.

3. There is absolutely no argument to relate the levels
below the peneplain, that is the flysch facies regionally
located in the Upper Brioverian, to Cambrian times.

The data from Morocco

We have no new information concerning the geochemical

nature of the data published by Lancelot {1982}, but in the
light of recent discussions several points about the strati-
graphical control of the Moroccan series need comment.

The archaeocyathids of Atdabanian age (not earliest but
possibly early Middle) found in Tiout (Morocco) by Debrenne
& Debrenne are located in the wpper part of the Calcaire
supérieur formation. The appearance of these archae-
ocyathids is due to a regional ecological factor according to
Debrenne & Debrenne (1978) and F. Debrenne (pers. comm.
1983}. The trilobites found below these first archaeocyathids
are similar to the genus Bigotina and Bigotinops {(Debrenne
& Debrenne 1978) and are always in the wpper part of the
Calcaire supérieur which, accordingly, is of lower Atdabanian
age.

A second correction concerns the quotation in Odin et al.
(1983} of a remark by Cowie (1981} in which the Tommotian
Petrotsvet Formation on the Aldan in Siberia was said to
contain both Tommotian small shelly fossils and archae-
ocyathids and trilobites generally similar to those from
Morocco {Cowie 1981 referring to Fyodorova er al. 1979, a
paper in Russian not accessible to us). It is now known from
the specialists (J. Cowie, F. Debrenne, pers. comm. [983}
that this opinion was based on a misidentification and that no
trilobite remains were found in the Petrotsvet Formation.

Concerning the stromatolite remains, Odin et af. (1983}
quoted the opinion of Schmitt (1978} who considers that the
stromatolites from the Série Lie de Vin from Morocco {below
the Calcaire supérieur formation quoted above) indicate a
Precambrian age. However. this interpretation has been
attacked by J. Sarfati, who published documented evidence
refuting arguments to show that there is no ground to consider
the stromatolites from this formation as Vendian. On the
contrary, she greatly emphasized their Cambrian character
and finally proposed to relate them and the Série Lie de Vin.
in which they lie, to the Tommotian {Bertrand-Sarfati 1987},
We do not know of any published refutation of this expert
opinion. This conclusion, consequently, slightly modifies the
figure in Odin e al. {1983), lowering the Vendian below the
Série Lie de Vin. In any case, the syenite intruding the
Calcaire inférieur formation {Dolomie inférieure of
Choubert}. below the Série Lie de Vin, can be referred to the
Tommotian as the youngest possibility, being covered by the
Série Lie de Vin of probable Tommotian age itself.

Concerning the lithological relations between the sedi-
mentary sequence and the volcanics, the question has been
raised whether or not the dated syenite and related volcanics
are interlayered in the sequence. Here we can only refer and
give confidence to the present knowledge of the field geo-
logists: there is no alternative interpretation for the
correlation of the trachyte-sediments in the Jbel Boho area.
The field evidence seems clear to the specialists; we
recommend the reader to consult the geological map:
1/200.000 Ouarzazate, Alougoum, Telouet Sud, published by
the Service géologidue du Maroc: Notes et Mémoires 138
(1970). The trachytic horizons are shown in concordance with
the dolomies inférieures 30 to 45 km away from the volcano
in several directions. OQur Fig. 1 shows the sequence. We do
not know of any specialist supporting the hypothesis of an
hypabyssal intrusion and certainty not our colleague
G. Choubert {pers. comm. 1983—1984).

However, it is clear that at present nobody knows where
the Precambrian—Cambrian boundary, as suggested in
China, lies in the Jbel Boho sequence. Most stratigraphers
agree that it is below the Série Lie de Vin and somewhere in
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F16. 1. Schematic section of the Jbel Boho voicana, Morocco {after

G. Choubert, pers. comm., simplified}. 1. Sandstones; 2. Calcaires
sypérieurs; 3. Série Lie de Vin; 4. Dolomies et Calcaires inférieurs,
5. Trachyte; 6. Stratified andesites, tuffs and lapilli; 7. Syenite. The
scale shows 2 km. The actual stratigraphic relations clearly show that
the core of the volcanc (syenite) is not intrusive: the trachytic and
andesitic rocks, regarded as emissions of the volcano by Choubert,
are interstratified in sediments below the Série Lie de Vin.

the Calcaires inférieurs of the underlying Ouarzazate series,
which were deposited (according to radiometric data) during
a time interval of more than 40 Ma.

Summarily, the dated Moroccan outcrop does not permit
one to be absolutely sure that the obtained apparent age of
534 £ 10 characterizes a level below the earliest Tommotian,
the present common view; however, this possibility cannot be
ruled out. In effect, the apparent age characterizes a stratri-
graphic level lithologically welf below early Atdabanian
faunas (i.e. the trilobites and archaeocyathids of the upper
part of the Calcaire supérieur formation) as well as below
stromatolites now accepted as Tommotian in age {Série Lie
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de Vin). According to present knowledge, the apparent age
of 534 = 10 Ma, geochemically undisturbed and in good
rapport with many other results obtained from older rocks, is
a maximum age for somewhere in the Tommotian (Fig. 2).

On the dating of the Ercall Granophyre and
related rocks

Concerning the geochemical context of the Ercall Grano-
phyres, its Rb-Sr whole-rock isochron apparent age was
suspected to be a reset age. A series of measurements of U-
Pb zircon ages was therefore recently undertaken in order to
check the Rb-Sr age. The abstracted results were published
recently {Compston ef al. 1984). These authors measured an
age of 531 = 5 Ma which was interpreted in this abstract as a
‘well substantiated isotopic age for the Ercall granophyre’.
These U-Pb results do not disagree therefore with the
Rb-Sr apparent age of 534 + 12 Ma published earlier
(Patchett er efl. 1980), and no resetting seems to have
occurred.

Compston et al. (1984) note, somewhat tautologously, that
the relevance of this apge for calibrating the time-scale
depends on the actual relations of the dated rock with the
fossiliferous sequence, which we now discuss.

The stratigraphic data published in Patchett er al. (1980)
need revision. We may report first a relevant observation. In
July 1983 one of us (G. S. Odin) was in the quarry and
collected several curious structures in the quartzites. One of
these pieces of rocks was submitted to Dr Rushton. His
comment is as follows: ‘the block contains a fragment of what
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whole-rock Rb-Sr isochron age.
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I think was a horny brachiopod. the nearby fragment that
looks bryozoan-like is certainly inorganic, being a curious
coincidental interface between quartz-grains and white
powdery matrix’ {pers. comm. to P. Toghill). The block will
be submitted later for further study, but it is of interest
to note that the Wrekin Quartzite may contain body
fossils.

During the first annual meeting of Project 196 in London,
Beckinsale reported new field observations according to
which, the Ercall Granophyre was intruded into. and not
overlain by, the Wrekin Quartzite {Beckinsale et al. 1984), as
previously thought. A similar opinion is accepted by
A. R. Palmer {pers. comm. April 13th, 1984) after a visit to
the outcrop by several of his colleagues following the
Precambrian—Cambrian boundary conference in Bristol,
1983. This obviously modifies the previously proposed inter-
pretation of the radiometric data obtained from this
granophyre from a probable maximum age to a minimum age
of deposition of the Quartzite which is itself of imprecise
stratigraphic age, but is most probably Cambrian. The
overlying Atdabanian Comley Sandstone is not intruded by
the Granophyre in the present outcrop. The date of 533 £ 12
Ma for the granophyre may therefore remain a maximum for
the Atdabanian trilobitic Cambrian of the Comley Sandstone.
One could obviously speculate that this sandstone has also
been intruded. but this is not at present demonstrated in the
field; on the other hand that the Comiey Sandstone is not
intruded is not proved either. We can only wait for new data
on this point.

The radiometric age of 533 * 12 Ma is theréfore a
minimum age for the base of the Cambrian, if the presence of
skeletonized body fossils is accepted in the Wrekin Quartzite.
We have no firm indication whether this age is a minimum or
a maximum age for the Atdabanian fossiliferous formation
overlying this Quartzite. The figure proposed in Odin et al.
(1983) is to be modified accordingly (cf. Fig. 2}.

On the dating of pre-Lower Cambrian Rocks
from Sinai

We have no new data concerning the geochemical uncer-
tainties related with the dating of the plutonic and volcanic
rocks from Sinai. It will be recalled that diverse radiometric
chronometers were used and that a coherent set of results was
obtained measuring the age of a moment prior to the pene-
planation. Most of the rocks dated from Sinai are litho-
stratigraphically located below a peneplanation phase which
eroded all previous rocks.

The youngest age is given by the Mandar granite: apparent
age 529 + 8 Ma. One could in principle question the location
of this granite below the peneplain, which is missing in this
area. However, M. Bielski (in Odin er a/. 1983) clearly stated
that it has been destroyed by the erosion of 1-2 km of rocks
overlying this granite. Therefore, the Mandar granite must be
older than the peneplanation; it is lithostratigraphically below
the peneplain and we see no field data whatever to suggest
that the Mandar granite is Cambrian, as has been conjectured
elsewhere in this volume.

The other Rb-Sr isochron apparent age available is
548 + 5 Ma. (Amram Quartz Porphyry). These two data
seem therefore to be maximum ages for the first fossil control
located above these volcanics (shown locally either as post
peneplain lows or as debris Hows: Bielski 1982) as well as, by

correlation, above the Mandar granite.

The biostratigraphic control is given by trilobites correlated
with a mid Atdabanian from Morocco. Therefore, the
radiometric ages available are actually maximum ages for part
of the early Cambrian; we have no hrm indications if they
may be related to a level older than the Atdabanian. Until
now, we have essentially quoted in this paper data which, in
all rigour, seem to be coherent enough to estimate, if not the
age of the base of the Tommotian, that of a time located
before or not far from the base of the Atdabanian at
530—-540 Ma. In spite of an older estimate proposed since
about 1964 on dubious grounds, we have not seen any good
arguments in the earlier literature capable of contradicting
this new estimate. The Chinese numbers now found in
numerous abstracts or briefly quoted in more important
recent papers are clearly older, and are discussed below.

On the radiometric dates from China

A first general point about these dates concerns the avail-
ability of the data. 1t seems clear to every geochronologist
that one cannot give full weight to numbers for which no
properly documented publication is available. The example of
the Russian results has properly been emphasized elsewhere
(Gale 1982). Numerous numbers exist in the Russian
literature, but, to our knowledge, no detailed analytical
results and geochemical considerations are published. which
at present precludes a correct use of these dates in discussing
the Precambrian—Cambrian boundary. A necessary pre-
condition for the assessment of radiometric dates is obviously
the availability of details about the anafyses of the samples:
not only the radiogenic and radioactive isotope contents, but
also the reproducibility and calibration of the apparatus; the
geochemical constraints, for example. the mineralogy of the
dated minerals and the history of the deposit; and indeed
details about the stratigraphical refationships. For the
Chinese dates we essentially have short abstracts. personal
communications or preprints and this is clearly still insuf-
ficient, but more detailed results will apparently soon be
available. The above remarks partly answer a very surprising
comment recently made by a respected specialist in the
calibration of the time-scale, i.e. W. B. Harland (1983,
p. 397), who seems to doubt that there exists a consensus
between geologists ‘as to what constitutes determinations
good in all aspects’. The answer is perfectly clear and simple
in its principles. It has already been analysed in detail by one
of us {Odin 1982): a determination good in all respects is a
datum for which we have good information allowing us to
discuss all possible uncertainties, analytical, geochemical,
stratigraphic etc., related to a calculated age. We suggest that
as long as sufficient information is not available. radiometric
dates cannot serve as good key points for time-scale cali-
bration. However, because the Chinese dates are already so
often quoted we will make some preliminary remarks ccn-
cerning the apparent opposition between them and the fully
published results discussed above. The opposition is on the
one hand an age of 530—540 Ma for a moment located below,
or not far from, the base of Atdabanian. On the other hand
the base of the Tommotian, if defined inside or at the base
(Rozanov 1984, p. 24} of the Meishucun stage in China, is
estimated at 615 * 10 Ma {(Ma et al. 1980; Zhao et al. 1980
Chen et al. 1981, Xing et al. 1982).

It has been argued elsewhere that the data obtained from
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FiG. 3. A map of China showing the four Provinces where shales were dated (dotted area)}. The star in the Hubei Province shows the
locality of Lientuo in the East Yangtze Gorges where many samples were dated. The star in the Yunnan Province shows the area where
the Badaowan member was dated and where the newly proposed base of the Cambrian is located. For information the provinces of
Xinjiang (X1}, Sichuan (§i} and Shaanxi (Sh) have been drawn; they also show outcrops of the earliest Cambrian. On the right hand side
the same scale has been used to locate the outcrops dated in NW Europe and Morocco (circles).

Western Europe were from a comparatively limited sector of
the world which could have been submitied to a common
resetting event. In arguing against this we note first that there
is more than 2000 km between the Wrekin Area and the
Anti-Atlas of Morocco and nearly 4000 km between
Normandy and the Sinai, while there is only about
1000—1200 km between the Yangtze Gorges outcrops
(Hubei Province) and the dated outcrops 100 km south of
Kunming, Yunnan Province (Fig. 3). Moreover, all the dated
Chinese sediments are from a single shield of homogeneous
geology (the Chinese Shield) which is not the case in
NW Europe and NW Africa. We therefore suggest that the
remark on possible geological factors in common applies
better to the Chinese data than to the others.

If we pick some of the Chinese numbers available to
estimate the age of the boundary we observe that, near the
boundary, there are two analytical ages: 614 + 18 and 602 =
15 Ma. They are both located slightly above the boundary
according to the table of data of Zhang et al. (1982). The
precise numbers available lithostratigraphically well below
the boundary, are of about 700 Ma. We conclude that, if the
numbers quoted represent a time of deposition, then the
base of the Tommotian is slightly older than 600 to 630 Ma.

If we accept both series of measurements, i.e. 530—540 for
below the Atdabanian, 616—633 for the base of the
Tommotian then the Tommotian stage has a duration of more
than about 80 Ma. This is to say that the Tommotian stage,
whose base is defined in China (and which has recently been
added below the trilobitic Cambrian system}, and which
forms the first of the three Siberian stages composing the
earty Cambrian epoch = ex-Georgian (Doré 1982), would be
2.5—8 times larger in duration than the whole (as formerly
defined) trilobitic Cambrian system if we accept a
Cambrian—Ordovician boundary either at about 495 or

520 Ma. We have no fundamental arguments against that
possibility.

However, results from the Chinese Atdabanian stage with
trilobites also include Rb-Sr shale apparent ages of
573 + 7 Ma {Yangtze Gorges}, 569 = 12 Ma (Guizou Pro-
vince} and possibly 588 * 13 Ma (Yunnan Province and
similar U-Pb shale ages). The stratigraphical age cor-
responding to this later date from Yunnan (Tommotian or
Atdabanian) is shown in Fig. 4 below. This means that,
compared with the pre-Atdabanian rocks gathered in Odin et
al. {1983) and reassessed here above, apparent ages different
by more than 10% are found for rocks of nearly similar
stratigraphic attribution. We actually accept all the quoted
Chinese analytical data as analytically reliable, though there
seems to be nothing published in enough detail to prove it.
Therefore, there is necessarily a geochemical problem. There
seems to be no serious possibility of systematic geochemical
problems for all the European, Moroccan and Middle East
plutonic and volcanic rocks dated by different geochrono-
logical methods and different laboratories. On the other
hand, it appears that all rocks dated from China are either
clay size fractions, whole-rocks from shales, or shaly
limestones and this needs to be discussed.

The dating of shales, as whole-rocks or clay fractions, can
hardly be considered as the usual means to obtain the age of
the time of their deposition. For the illitic clays under dis-
cussion, accepted as the most favourable case, it is well
known by the specialists that — by definition — the radio-
metrically measured apparent age cannot be the age of
deposition. Without going into the details of the different
applications of the Rb-Sr method to sedimentary whole-rock
and clay fractions, we may consider that there are in fact two
possible main situations. Illitic clays are not formed in the sea
during deposition; therefore, their age of crystallization
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Yangtze Gorges (Hubei Province) mostly Yunnan Province
573+7 (0} 565—420 (+) |Qicngzhusi stage
Shuijintue | 574420 (+) 68134+23 (++)
Cambrian (trilobites} | 568X12 {+) 415435 {00)
Meishucun stoge | SB8+13 {(+) 612136 (++)
SB7+I7 (+) 603131 (++}
614 £I8 (0}
) 6025 (+) 46043 (00 o

Dengymg Precombran—Cambrian definition
To0+5 {0) 72743 (O} Dengying

Toushantuo | esi +29 (+)s8025 (0O)
580—-420 (0} 460-340 (00}

Sinian Nantuo
Dc1ongp0 728127 (+) 608%I15 (O}
500—360 (00)

{Hunan Prov.) {Hubei Prov.}

Gucheng

Lientuo 740116

Fig. 4. Radiometric results on Chinese shales: {(+) from Ma er al. 1982: (©) from Zhang et ai. 1982 on bulk clay size fractions more than

1.5 um; (00} idem but less than 1 um in size; (++) from Xing et a/. {1982); (*) the apparent ages of 565--490 Ma were obtained on samples at
35 km from those in the left column on similar fractions by the same laboratory; Zhang er al. (1982) added: (1) that there exists a variable
proportion of detrital minerals in the bulk acid insoluble fraction; {2) that the age of the diagenetic component is ambiguous at 565 to 490 Ma.
The dates of about 588 Ma Yunnan were from shales from the Badaowan member. Note that the age of 568 + 12 Ma is quoted as a U-Pb whole-
rock analytical age and is taken as an important criterion of the coherence and meaningfulness of the results.

represents either the inherited apparent age of the neigh-
bouring eroded sediments or the age of the more or less post-
depositional diagenetic influence which modified the inherited
clays into illites by burial at depths of several thousands of
metres. A mixture of both possibilities is not rare.

In both the simplest cases, as perfectly stated in Zhang er
al. (1982}, the age of illire growth may be approached using
adequate size f{ractions which unfortunately cannot be
assimilated to mineralogically pure clay fractions but only to
enriched clay fractions.

It is not easy to distinguish geoclogically the two possibilities
{unless we know the true numerical age of deposition and if
we compare it with the apparent age measured). Funda-
mentally, an illite apparent age is therefore either a mini-
mum age {diagenesis) or a maximum age (inheritance) of
deposition, as clearly recognized by Zhang er al. (1982). It
would, consequently. be an error to interpret the apparent
ages from China as giving the age of deposition. though this
has wrongly been assumed by most Chinese authers until
now.

Even if we were to presume that the analyses are perfect
and that the stratigraphy is certain. the unsolved geochemical
problems destroy all possibility of using these data for time-
scale calibration at the moment. Moreover we must
remember that, at present, we know of no radiometric dates
from shales actually accepted as key points for the calibration
of the Phanerozoic time-scale.

During the meeting in Nikko {Japan). Dr Zhang clearly
stated that the interpretation of the analytical results is not as
simple as suggested by the more recent presentations.

We reiterate that only an objective report of all the
analytical data as summarized especially by Zhang er al.
{1982) may be considered the correct information to be
discussed. Zhang er af. gave results which are nor in the
sequence quoted by others and therefore correctly report the
result of their work. Zhang er al. also gave their own inter-
pretation of their results and selected those dates which they
considered useful for time-scale calibration: however, Zhang
et al. clearly state the uncertainties of their conclusions. We

consider at present that a selection of the results and their
interpretation as time of deposition must be founded on a
study of the analytical and geochemical details, when these
are eventually published.

We. however, may note as an example that Zhang et al.
interpret both the Datangpo age of 608 + 15 and the
Dengying age of 602 = 15 (see Fig. 4) as the time of diageneric
growth of the illitic minerals, yet the stratigraphic deposition
dates of these two formations are separated by about 100 Ma
according to them. We therefore emphasize that a time
duration of the order of 100 Ma after deposition is not con-
sidered impossible for that geochemical reaction (diagenesis).
In this sense, Rb-Sr illite ages must be accepted as minimum
ages of deposition as clearly stated by Zhang et al. (1982).
Moreover, the difference between the ages considered
reliable and those interpreted as registering the effect of a
weak thermal or chemical event by Zhang ef al. is, to our
knowledge, that the first ones are measured on sediment size
fraction of 1.5 pm or more and the second ones are measured
on a clay size fraction below 1 um, which certainiy has some
foundation but depends also on the process used for dis-
aggregation of the rock.

A second point is that Zhang ef al. are absolutely clear in
quoting the presence of detrital minerals in the Shuijintuo
formation: (1} ‘near Changyang ... the bulk acid-insoluble
fractions show that they contain a variable proportion of
older detrital minerals, {(2) “older” minerals are present in
the Lientuo samples also’, i.e. in the Yangtze Gorges (Hubei
Province), (3) ‘the presence of detrital minerals is evident
from petrographic and X-ray diffraction studies’. Zhang et af.
conclude on the one hand that the detrital minerals con-
tribute little to the total Rb and radiogenic */Sr in comparison
with that of illite but also that *the isotopic dating does not
exclude the possibility that the illite in one or more horizons
might be detrital’. Apparent ages from shales may therefore
be higher than the time of deposition. We present our
apologies to Zhang, Compston and Page for quoting nearly
all the information gathered in their very informative
abstract, but we think it necessary to point out that their
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original data and interpretations are not fully reported in more
recent presentations. We should emphasize that nevertheless
Zhang and his colleagues clearly would at present favour an
age of more than 600 Ma for the base of the Tommotian.

Conclusions

Not one of the recent results quoted in the literature indicate
an age of 570—600 Ma for the Precambrian—Cambrian
boundary and this intermediate proposal appears unfounded.
To accept an age in this interval would imply that not one of
the set of data here discussed is correct; a very pessimistic
conclusion since there seem at present to be no better data
for the calibration of this boundary.

A rigorous assessment of the data from Western Europe,
Morocco and Sinai does not definitely prove that the base of
the Tommotian is younger than about 530 Ma. It does,
however, show some coherence at the worst for an early and
pre-Atdabanian time located at 530-540 Ma and would
entirely agree within the uncertainty margins with a basal
Tommotian very near this numerical age.

Given our present knowledge of the geochemistry and
stratigraphy of the areas studied the acceptance of an age of
610 Ma or more as suggested by the Chinese dates, if
accepted as the time of deposition of the sediments, would
imply a duration of more than 60 Ma;

1. between the pre-mid Atdabanian rocks of Sinai and the
base of the Tommotian (within the Meschucun stage);
2. between the most probably pre-Tommotian but certainly

pre-Atdabanian volcanic rocks of Morocco and the base of
the Tommotian;

3. between the pre-Atdabanian rocks of the Massif
Armoricain and the base of the Tommotian.

We see no conclusive arguments for or against these hypo-
theses but we believe that they remain today unfounded and
would lead to considerable problems with the usual
stratigraphic attributions in several areas, unless there is any
strength in the suggestion that there may be considerable
regional diachronism in the arrival of the earliest Cambrian
faunas.

Finally we have to emphasize that the old estimate of
570 Ma or 590 Ma so frequently quoted in the literature was
deduced in the past for the first trilobitic levels, i.e. the base
of the Atdabanian. It seems obvious today, independently of
the new stratigraphic definition proposed by the strati-
graphers, that this estimate was too old by 40 Ma or so if we
accept the results obtained from various sources and first
emphasized in Odin {1982). This appears very important and
it seems necessary to give full weight to this modern data, and
to recognize that the earlier recommendations for the date of
the Cambrian—Precambrian boundary {e.g. Cowie & Cribb
1978) were founded on very poor early data. The full and
detailed publication of the very extensive work now in
progress on Chinese formations is eagerly awaited, especially
because it can help to answer such important questions as:
the length of the pre-trilobitic Cambrian; the usefulness and
accuracy of dates from shales within the Phanerozoic; and
stratigraphic knowledge of the earth’s history near the
Precambrian—Cambrian boundary in several areas.
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The Ordovician, Silurian and Devonian periods

W. 8. McKerrow, R. St. J. Lambert and L. R. M. Cocks

SUMMARY: A reassessment of published age determinations, including some recent dates on
Middle Devonian, Late Silurian, basal Caradoc and middle Arenig rocks, enables the construction of
a more precise time-scale. The most accurate points on our scale are: basal Frasnian, 368 = § Ma;
early Ludlow, 421 = 2 Ma; end of early Llandovery, 431 = 6 Ma; early Caradoc, 450 = 7; middle
Arenig, 482 *+ 5 Ma. Interpolations from these data indicate that the base of the Devonian is 412 £ 5
Ma, and the base of the Silurian is 435 = 7 Ma. The end of the Devonian is less precise, we estimated
it to be at 354 + 10, —5 Ma (depending on stratigraphic and sedimentological estimates for the
duration of the Frasnian and Famennian stages). The base of the Tremadoc is perhaps 513 % 10 Ma.
Dating by K/Ar, ““Ar/**Ar, U/Pb and Sm/Nd all show good agreement. but some Rb/Sr isochrons on
acid volcanic rocks lie off our time-scale tine. Most fission track dates on zircons from bentonites have
very large errors; a few with the smallest errors are shown on our graph, but none of them have been
precise enough to use in the construction of the time-scale.

Introduction

Advances in technology and analytical skill in isotope
geochemistry have led to a situation where many modern
isotopic ages on rocks with good stratigraphic control have
20 errors less than 3%, so that many less accurate data have
become redundant. There are, however, likely to be more
improvements in the future, and the present scale can he
expected to be superseded by a more precise scale in the next
few years. We estimate that our correlation with the strati-
graphic coiumn is unlikely to be more than 7 Ma in error
between the middle Arenig and the early Ludlow, but
outside this range the errors are greater.

In recent years, ages have been determined by a variety of
methods: K/Ar, *Ar/"Ar, Rb/Sr, U/Pb and Sm/Nd. It is
interesting to note that ages by all these methods provide
generally consistent results (all the dates used have been
converted. where necessary. to the constants recommended
by Steiger & Jiger 1977). A large number of less precise, but
stratigraphically exact, fission track ages are now available;
however, the 2o errors on most of these are very large, and
only a few with the smallest errors are shown in Fig. 1.

Since the review by McKerrow ef al. (1980), new data have
resolved some, if not all, of the discrepancies revealed by
Gale er al. (1980), though there are still some divergent
opinions and interpretations (Gale 1982; Odin 1982). Some of
these depend on the weight attached to Rb/Sr isochrons from
acid volcanic rocks, especially the Stockdale Rhyolite (Gale et
al. 1979). In the main body of this paper we review 28 items
on which we have constructed our time-scale (Fig. 1) or
which we include for comparison. Many dates employed in
McKerrow et al. (1980) are now redundant because of more
precise data. Most of these have been omitted from the
present paper.

The construction of Fig. 1

Most graphs are constructed with definite numerical scales
along both the x and y axes; this is not the case with Fig. 1,
where only the horizontal (x) axis is aumerical. The vertical
(¥) axis is a stratigraphic time-scale, showing periods, series,
stages and zones; the precise duration of each of these time
divisions is unknown. In fact the whole object of this paper is

to determine, as far as possible with the evidence available,
what estimates can be given on the duration of these strati-
graphic divisions. Thus in the course of preparing this figure,
we have constructed a series of graphs, each with slightly
differing vertical scales, until we obtained a scale which
allowed a straight line to pass through almost all the
rectangles representing the analytical errors (20) and the
stratigraphical uncertainties in the data we use. Since this
paper was presented orally in May 1982, new dates and new
interpretations of some existing dates have resulted in some
further adjustments to the relative durations of the strati-
graphic units; and similar adjustments are the reasons why
our present estimates differ from previous time-scales
(Table 1}.

In the construction of the stratigraphic units shown in Fig.
1, we have used the three Geological Society correlation
charts (Cocks et af. 1971; Williams er al. 1972; House et al.
1977) together with some later revisions (Ziegler et al. 1974;
Bassett 1976, House et al. 1979) and other published and
unpublished revisions. These references have also.been used
in the updating of the stratigraphic ranges of some of the
older items. In Fig. 1 we show only those stages and zones
mentioned in the text.

Stratigraphers have long considered that different faunal
zones appear to represent very varied time intervals. Some
estimates have employed rates of deposition of pelagic
sediments (Churkin er al. 1977), while others {Cocks 1971;
Boucot 1975; Ziegler 1978) have employed subjective rates of
evolution of zonal fossils. Several early drafts of our time-
scale were constructed using different combinations of these
estimated durations, but it soon became clear that modifi-
cations were necessary. For example, we have reduced the
relative duration of the Upper Devonian (compared with the
Lower and Middle Devonian) by 10% from that suggested by
Ziegler (1978) in order to accommodate Items 26 and 28 on
our best fit time-scale line.

In the Ordovician, there are no published estimates for the
relative duration of serifes or stages. Although Churkin er al.
(1977) have made estimates for the relative duration of some
Ordovician graptolite zones, we are not satisfied that the
sedimentation rates of these pelagic sediments are constant
through time. It is in this period that our present scale
deviates most from our previous scale (McKerrow er al.
1980). Items 9, 10, 11 and 12 together suggest that the
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Time-scale for the Ordovician, Silurian and Devonian. Key to numbers: 1 = Rhobell Volcanic Group; 2 = Twt Hill Granite:

3 = Southern Uplands Basalt; 4 = Byne Hill Trondhjeimite; § = Hare Bay Metamorphic Aureole; 6 = Colmonell Gabbro; 7 = Bay oflslands
Metamorphic Aureole; &8 = Shales at Bach-y-graig; 9 = Benan Conglomerate clasts; 10 = Borrowdale Voleanic Group; {1 = Bail Hill Volcanic
Group; 12 = Chasmops Limestone, Kinnekulle; 13 = Gelli-grin Calcareous Ashes Formation; 14 = Stockdale Rhyolite; 15 = Descon
Formation: 16 = Buildwas Formation; 17 = Laidlaw Volcanics; 18 = Middle Elton Formation; 19 = Bringewood Formation; 20 = Gocup
Granite; 21 = Wormit Bay Lava; 22 = Lorne Lavas; 23 = Skiddaw Granite; 24 = Shap Granite; 25 = Katahdin Batholith; 26 = MountMorgan

Tonalite; 27 = Cerberean Volcanics; 28 = Kelso Lavas.

bicornis and wilsoni Zones of the early Caradoc lie close to
450 Ma (% 7), while ltem 16 gives an age of 431 + 6 Ma for
the top zone of the Rhuddanian stage (Lower Llandovery).
We have decided that the Caradoc and Ashgill stages (based
on trilobites and brachiopods} are more likely to have equal
durations than the graptolite zones so, while we use the
relative duration for the Llandovery stages suggested by
Cocks (1971), in the Ashgill and Caradoc we assign each
stage an equal duration. In a similar way, we have arbitrarily
given equal durations to the ‘bifidus’, murchisoni and
teretiusculus Zones (Llanvirn and early Llandeile). In the
Arenig, we have the estimates of R. A. Fortey (pers.
comm., 1983) for the relative durations of the graptolite

zones, which have been drawn up on the basis of graptolite
durations in Australia, Spitzbergen and Europe. This
scale seems preferable to the assumption (Harland er al.
1982) that each Ordovician series has an equal duration, but
in view of the fact that later graptolite zones have very
different durations, this part of our scale may well be
emended when more data become available. We have even
less certainty about the pre-nitidus Zone part of our scale.
The base of the Tremadoc will only be at 513 Ma if the
trilobite zones of this series (Cowie et al. 1972) have similar
durations to the Arenig graptolite zones. This is quite un-
certain. The base of the Tremadoc could, in our opinion, lie
anywhere between 495 and 523 Ma.
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TaBLE 1
McKerrow ef al.  Jones et al. Odin
1980 1981 1982
Carboniferous 360 360 + 5 —10
Famennian 369
Frasnian 77 3755
Givetian 383
Eifelian 390 383 385 + 8
Emsian 398 392
Siegenian 403 396
Gedinnian 411 401 400 + 10 -5
Pridoli 413 405
Ludlow 420 412
Wenlock 425 419
Llandovery 438 433 418 + 5 10
Ashgill 445 425 + §
Caradoc 467 438 £ 5
Llandeilo 479 c455
Llanvirn 489 470 £ 1{
Arenig 504 475 + 10 -5
Tremadoc 519 495 + 10 -5
The data

The numbers used for each item correspond to those shown
in Fig. 1.

1. Rhobell Voicanic Group. Volcanic rocks south-east of the
Harlech Dome in Wales cut late Tremadoc sediments which
are certainly as young as the S. pusilla Zone and may be as
young as the A. sedgwickii Zone {Kokelaar ef al. 1982). They
are overlain by the Garth Grit, which is probably of deflexus
Zone age {R. Fortey, pers. comm. 1982} A mean con-
ventional K/Ar age of 508 = 11 Ma has been determined
from five pargasitic amphibole separates from cumulates in a
metabasalt (Kokelaar et al. 1982).

2. Twt Hill Granite. The Institute of Geological Sciences has
obtained an Rb/Sr isochron of 498 * 7 Ma from this
intrusion, near Caernarvon, North Wales, which is overlain
unconformably by the Fach Wen Formation of probable
middle Arenig age (R. D. Beckinsale, pers. comm. 1981,
1982). There is no evidence to provide an older strati-
graphical age limit, so the rectangle in Fig. 1 has not been
closed at its base.

3. Southern Uplands Basalt. Basalts underlying Arenig
cherts from the base of Sequence 2 (Leggett et al. 1979) near
Raven Gill, south of Abington in the Southern Uplands of
Scotland, have been analysed by Dr. M. F. Thirlwall (pers.
comm. 1982), who has obtained a Sm/Nd age of 490 + 14 Ma
from localities 37 and 41 of Lambert et al. {1981, Fig. 1b and
Table 3). The cherts are followed by black mudstones
containing Tetragraptus fruticosus (Peach & Horne 1899,
p. 288) and are therefore deflexus Zone or older in age.

4. Byne Hill Trondhjeimite. Bluck er ai. (1980} obtained a
zircon U/Pb age of 483 £ 4 Ma from this intrusion south of
Girvan, Scotland. After some field investigations of our own,
we now agree with them that it is likely that trondhjeimite
clasts in the adjacent Arenig Ballantrae Volcanic Group are
derived from the Byne Hill intrusion. We thus agree with
tbeir conclusion that that intrusion is of middle Arenig
(nitidus Zone) age. This zircon age was corroborated by less
precise K/Ar ages of 487 *+ 16 and 478 *+ 8 Ma on amphiboles
from a related gabbro and an amphibolite. It is considered
tbat this amphibolite developed during emplacement of the
Ballantrae Volcanic Group.

5. Hare Bay Metamorphic Aureole. ““Ar/*Ar dates on

Harland et al.  This paper (for errors

1982 see text)
360 354
367 365
374 374
380 383
387 391
394 401
401 400
408 412
414 414
421 420
428 425
438 435
448 442
458 454
468 461
478 470
488 492
505 513

hornblendes from a metamorphic aureole of allochthonous
ophiolites at Hare Bay, Newfoundland of 480 + 5 Ma
(Dallmeyer 1977) are post-early Arenig and pre-late
Llanvirn. Items 5 to 9 of this paper are considered more fully
in McKerrow et al. (1980).
6. Colmonell Gabbro. Harris et al. (1965} have obtained a
K/Ar age on biotite from the Colmonell Gabbro, Scotland of
484 * 10 Ma. This intrusion cuts the middle Arenig
Ballantrae Volcanic Group, and appears to be earlier than
overlying late Llanvirn sediments (Ingham 1978).
7. Bay of Islands Metamorphic Aureole. Hornblendes
from the metamorphic aureoles of allochthonous ophiolites in
western Newfoundland, the Bay of 1slands ophioclite and the
Little Port Complex, give a *Ar/*® Ar age of 460 £ 5 Ma
(Dallmeyer & Williams 1975; Archibald & Farrar 1976). The
stratigraphical time span of this date is limited by the
probable middle Arenig age of the igneous rocks and the
final emplacement of the thrust sheet in the N. gracilis Zone.
If our time-scale line is approximately right, the fact that it
intersects the top of the rectangie for Item 7 (Fig. 1), suggests
that the metamorphism may have occurred close to the age of
the final emplacement of the thrust sheets.
8. Shales at Bach-y-graig. Zircons in an ash at the base of
the teretiusculus Zone at Bach-y-graig, nearly Llandrindod
Wells, Wales, have fission track ages of 476 * 10 and
478 + 12 Ma, with a 1o error (Ross et al. 1982); combining
these we calculate an age of 477 £ 15 Ma, with a 2g error.
9. Benan Conglomerate granite clasts. An Rb/Sr mineral
isochron age of 469 + 5 Ma (Longman et al. 1979) for granite
clasts in the Benan Conglomerate of Girvan, Scotland is now
regarded by us as a maximum age for the late Llandeilo (see
also McKerrow ef al. 1980).
10. Borrowdale Volcaric Group. Four garnet host rock
pairs from Llandeilo/early Caradoc volcanics in the nortb of
England have a Sm/Nd age of 457 * 4 Ma (Thirlwall & Fitton
1983). The samples came from low in the volcanic sequence,
and are likely to be Llandeilo, rather than early Caradoc,
in age.
11.  Bail Hill Volcanic Group. The Bail Hill volcanic rocks
near Sanquhar in the Southern Uplands overlie graptolitic
shales of the N. gracilis Zone and yield a K/Ar age on biotite
of 453 + 10 Ma (Harris ef al. 1965).
12. Chasmops Limestone, Kinnekulle. Biotite and sanidine
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from bentonites in the Caradoc Chasmops Limestone of
Mossen Quarry near Kinnekulle, Sweden, have been
analysed on several occasions. They yielded a K/Ar date of
457 £ 8 Ma (Harland er al. 1964, Item 157); however, re-
investigation of the original material (Williams er al. 1982)
gives 445 + 3 Ma from a biotite-feldspar Rb/Sr isochron, and
450 = 6 Ma as the average of two K/Ar runs on the same
biotite. As the K content of the biotite is only 5.9%. ‘some
alteration cannot be ruled out’ (Williams er /. 1982). The best
average age of 446 * 3 Ma, is regarded by Williams et al. as a
minimum estimate for these bentonites. In our view, the high
initial ¥7Sr/%°Sr ratio of 0.7123 + 0.0001 may also indicate
alteration, although Williams e al. (op. cit., p. 560} discuss
this point and regard it as an original feature of the bentonite.
Baadsgaard & Lerbekmo (1983) have obtained an Rb/Sr
isochron from biotite and sanidine from the A, bentonite at
Kinnekulle, which gives an age of 447 + | Ma.

The age at this point in the early Caradoc is thus well
established. The main uncertainty is now the precise
graptolite correlation. Williams ef al., (1982, p. 563} state that
the bentonites lie in the *Diplograptus molestus Zone’ between
the zones of N. gracilis and D. clingani, the stratigraphical
situation is clearly presented by Thorslund in Waern et al.
(1948): the bentonites in Mossen Quarry could be of any age
from post-gracilis to mid-clingani Zones.

13.  Gelli-grin Calcareous Ashes Formation. Longvillian beds
near Bala, Wales have provided zircon for fission track ages
(Ross er al. 1982) which average at 465 + 18 (20} Ma.

14. Stockdale Rhyolite. This mid-Ashgill lava from northern
England (Moseley 1978} has yielded an Rb/Sr isochron of
421 + 3 Ma (Gale er al. 1979}. Reasons why this date does not
lie on our time-scale line have been discussed previously
{McKerrow et al. 1980; Wyborn er al. 1982}, but it is still used
as a basis for other time-scales {Gale 1982). Compston et al.
{1982) show that it is possible to re-interpret the data to give
a minimum age of intrusion of 430 + 7 Ma, and the time of
hydrothermal alteration as 412 + 7 Ma.

15. Descon Formation. A lower Llandovery (M. cyphus
Zone) volcanic breccia in the Descon Formation of Esquibel
Island, Alaska, yields {with a revised decay constant) a
WATPYAr age on hornblende of 431 + 6 Ma {Lanphere er al.
1977; Odin 1982; See alse Kunk ef al., this volume).

16. Buildwas Formation. A bentonite in basal Wenlock
(centrifugus Zone) siltstones of Shropshire, England. has a
zircon fission track age of 422 + 14 (20) Ma (Ross e al.
1982).

17.  Laidlaw Volcanics. These volcanics near Canberra,
Australia, are interbedded with fossiliferous sediments of
early Ludlow (nilssoni Zone} age. K/Ar mineral analyses and
Rb/St whole rock and mineral analyses together give an
average age of 421 + 2 Ma (Wyborn er al. 1982). This age is
almost identical to the age determined for the Ashgill
Stockdale Rhyolite {Item 14 above)}, Wyborn et al. discuss
this inconsistency (see also discussion below).

18. Middle Elion Formation. K/Ar ages on biotites in a
bentonite from the Ludiow Middle Elton Formation {upper
nilssoni Zone) of Shropshire, England have an average of
419 = 7 Ma (Ross er af. 1982). The zircon fission track age on
the same bentonite is 407 + 18 (20) Ma. See also Kunk ef af.,
this volume.

19.  Bringewood Formartion. Zircons from a bentonite in this
Ludlow (uppermost Gorstian} formation have a weighted
average fission track age of 407 * 14 (20} Ma (Ross et al.
19823.

20. Gocup Granite, The post-Wenlock and pre-Siegenian
Gocup Granite of New South Wales, Australia has a K/Ar
date of 409 + 3 Ma (Richards er al. 1977).

21. Wormit Bay Lava. A Rb/Sr isochron of 408 = 5 Ma on
biotite {M. F. Thirlwall, pers. comm. 1982} from a rhyolite in
the Lower Old Red Sandstone at Wormit Bay on the north
coast of Fife, Scotland occurs in a stratigraphic sequence of
non-marine beds (Geikie 1902) containing spores of Gedinnian
age (Richardson er al. 1984).

22. Lorne Lavas. Early Devonian volcanics from Argyll,
western Scotland have vyielded a Rb/Sr isochron of
400 + 4 Ma (Pankhurst 1982, p. 580). The lavas overlie
non-marine beds with fish and plant remains which are
similar to those in the Gedinnian Arbuthnot Group of eastern
Scotland (House et al. 1977). This date, like many other
Rb/Sr isochrons on acid volcanics (see Item 14 above) does
not intersect our time-scale line (Fig. 1), but it appears to be
only slightly less than our present estimates for the Gedinnian
stage.

23. Skiddaw Granite. The Skiddaw Granite of northern
England has a K/Ar date of 399 = 9 Ma (Shepherd et al,
1976). It was intruded into Lower Ordovician turbidites after
they were folded in post-Pridoli times.

24. Shap Granite. The Shap Granite intruded Ordovician
rocks of northern England after they were folded subsequent
to the Pridoli; like the Skiddaw Granite, it post-dates the
Caledonoid cleavage in the Lake District, but it is earlier than
the widespread development of kink-bands (Moseley 1978).
An Rb/Sr isochron gives an age of 394 + 3 Ma (Wadge et al.
1978). We suggest that the age of the overlying Mell Fell
Conglomerate could be Emsian or later, rather than
Siegenian as suggested by House er af. (1977).

25. Katahdin Batholith. The Katahdin quartz-monzonite,
north-central Maine, is an undeformed post-orogenic
intrusion which cuts the Seboomook Formation {Rankin
1968) of Oriskany age (Boucot 1954). The Oriskany stage is
now regarded as equivalent to the Siegenian (Gooday &
Becker 1979). Zircon dates by Wones (pers. comm. 1982)
give 2V7Pb/2°Pb, 27Pb/2* U and **Pb/A*U ages of 414, 398,
and 395 Ma respectively. Wones recommends 414 + ¥
(20) Ma as the best age.

The common Pb correction, affecting “*Pb/*?*Pb ratio of
4690 as measured, was taken as 400 Ma Pb on the Stacey and
Kramers model. The correction on the measured **Pb is
0.4%. so it matters little whether the isotopic composition of
the common Pb is correct or not within 10%. As the batholith
is around 200 km south-east of the probable limit of old
shield rocks {Rodgers 1968) and is emplaced in the calc-
alkaline Piscataquis Volcanic Belt (Rankin 1968}, the
common Pb as used is a reasonable choice.

26.  Mount Morgan Tonalite. This Queensland intrusion cuts
Givetian sediments and is overlain by late Frasnian beds. It
has a K/Ar age (on five samples of hornblende) of
369 + 5 Ma (Williams 1982},

27. Cerberean Volcunics. These volcanics in  Victoria,
Australia are associated with a fish fauna which is regarded as
early to middle Frasnian (Williams er al. 1982}, Rb/Sr
isochrons on biotite give a date of 367.1 £ 2.3 Ma; K/Ar on
biotite gives 365.60 * 4.8 Ma, and an Rb/Sr isochron
(feldspar-whole rock) gives 368.6 + 2.3 Ma (McDougall ¢f al.
1966; Williams er al. 1982}, Williams e al. recommend
367 + 2 Ma as the average age; like Item 12, this should
be regarded as a minimum age, because the results are all
from minerals.
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28. Kelso Lavas. These lavas occur on the Scottish-English
Border above Upper Oild Red Sandstone beds with a
Famennian fish fauna (Odin 1982) and appear to lie very
close to the base of the Carboniferous (W. H. C. Ramsbottom,
pers. comm., 1982). They have a K/Ar age of 361 = 7 Ma
{de Souza, in Odin 1982}.

Discussion

Since the review by McKerrow et al. (1980), 12 new ages have
been obtained, which have small analytical errors and suf-
ficiently good stratigraphical control to be of use in con-
structing the present time-scale. In addition, revised ages for
five of our previous items have produced more precise
results. These revisions have enabled us to discard many of
the less reliable ages used in 1980,

The most significant new dates include Items 1, 2, and 3
{Rhobell Volcanic Group, Twt Hill and a Southern Uplands
Basalt), which help to define the base of the Arenig at
around 492 *+ 7 Ma, and Item 4 (the Byne Hill Trond-
hjeimite}, which, if the field deductions by Bluck er al. (1980)
are correct, indicates that the Middle Arenig nitidus Zone lies
at 483 = 4 Ma. While this is a big improvement for the
Arenig, the Tremadoc is still the least certain part of our
time-scale, as we have no data points older than the end of
that series. If the five Tremadoc trilobite zones are together
of equal duration to the five Arenig graptolite zones, the base
of the Tremadoc could lie around 513 + 10 Ma, but if this is
not true the error could be much larger. However, if the base
of the Cambrian, variously estimated at 590 (Harland er al.
1982) to 530 Ma (Odin 1982; Odin er al. 1983}, lies in the
younger part of this range, a younger date might be preferred
for the base of the Tremadoc (say 508 £ 5 Maj.

The revised minimum age of 446 * 3 Ma for the Caradoc
Chasmops Limestone from Kinnekuile (Item 12) entails one
of the biggest changes from our 1980 review (previous dates
on the same bed gave an age of 457 = 8 Ma). When this
minimum date is assessed together with Items 7. 8, 10 and 11,
we conclude that the base of the Llandeilo must lie around
461 + 7 Ma and the base of the Caradoc around 454 + 7 Ma.

The Ar/Ar date of 431 £ 6 Ma (Item 15) for the Lower
Llandovery Descon Formation suggests that the base of the
Silurian lies around 435 £ 7 Ma. This is the only reliable date
between the Caradoc and the Ludlow, but it does suggest that
our estimates of the relative durations of the Upper
Ordovician and Silurian stratigraphic units are not a great
deal in error. But we stress that the bases of the Llanvirn,
Ashgill, Llandovery and Wenlock series are all estimated by
interpolation between the more precise data for the Arenig,
Llandeilo/early Caradoc, early Llandovery and early Ludlow.

The early Ludlow Laidlaw Volcanics of Australia (Item 17)
leave us in no doubt that the base of the Ludlow Series lies
around 420 + 2 Ma. This item (together with Items 15 to 25}
shows that the Rb/Sr isochron of 421 * 3 Ma for the
Stockdale Rhyolite (Item 14) cannot reflect the age of
extrusion of the lava. It is by rejection of this date that the
present scale differs considerably from the Ordovician and
Silurian portions of Odin’s (1982) scale.

Although we are confident about the age of the basal
Ludlow, we are much more uncertain about the base of the
Devonian. The rectangles for Item 22 (Lorne Lavas) and 25
(Katahdin Batholith) do not overlap. and our line only just
intersects the rectangle for Item 21 (Wormit Bay). Like other

Rb/Sr isochrons on acid volcanics, Items 21 and 22 may be
yielding dates that are too young, so we have constructed Fig.
1 such that our time-scale line just intersects the rectangle for
Item 25. If this is correct, the base of the Devonian will lie at
around 412 £ 3 Ma, but if more reliance is put on the U/Pb
data from Katahdin Batholith of Maine (and less on Items 21
and 22), the basal Devonian could lie close to 415 Ma. The
Skiddaw and Shap granites (Items 23 and 24} appear to have
dates well after the start of the Devonian, effectively
eliminating them as useful points in the construction of this
scale.

Dates on the Middie/Upper Devonian Cerberean Volcanics
of Victoria (Item 27) and the basal Carboniferous Kelso
Lavas (Item 28) together suggest that the end of the
Devonian jies between 350 and 360 Ma, but the errors could
be greater if the estimated relative durations of the Devonian
stages are much in error. The Devonian section of the
time-scale remains poorly defined, except around the
Givetian—Frasnian boundary {Items 26 and 27).

The fission track ages of Ross ef al. (1982) and our time-scale

We agree with Gale & Beckinsale (1983) that most published
fission track ages have errors which are too large to be useful
in constructing a time-scale. Only the four fission track ages
on zircons and/or apatites with the smaller errors in strati-
graphically well-dated tuffs and bentonites (Ross ef al. 1982)
are shown in Fig. 1. In the construction of this figure, the
weight attached to these has been negligible in relation to
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other data with smaller analytical errors. Accordingly, it is
possible to consider these fission track ages independently of
the other results (Fig. 2). It will be seen that almost ali the
fission track ages (when plotted with a 20 error bar) intersect
our recommended time-scale line. As a whole, when
considered separately from our other data, the fission track
ages would suggest a slightty longer duration for the Arenig
to Ludlow time interval (and by implication, a shorter
Devonian peried). However, the ages of the Laidlaw
Volcanics and the Katahdin Batholith (ltems 7 and 25) are in
conflict with a latest Silurian age of 400 Ma or so. We
therefore consider that the Wenlock and Ludlow fission track
ages, as a group, may be slightly too young (although not
significantly different, individually, from our scale within a
20 error). Similarly in the early Ordovician, the fission track
ages have means which lie on the older side of our line,
where, for the present, we give more weight to the Byne Hill
Trondhjeimite age (Item 4}.

Comparison with other time-scales

Our new scale deviates substantially from McKerrow er al.
(1980) in the earlier parts of the Ordovician. New dates on
the Rhobell Voleanic Group, the Twt Hill Granite, the Byne
Hill Trondhjeimite, the Borrowdale Volcanics and the
Chasmops Limestone (Items 1, 2, 4, 10 and 12) now show
that the Arenig, Llanvirn and Llandeilo Series all start later
than was previously thought (Table 1}.

The present scale still differs markedly from those of Gale
et al. {1980) and Odin (1982). mainly due to the weight
placed on the 421 * 3 Ma date of the Ashgill Stockdale
Rhyotlite (which we have included in this paper as ltem 14,
even though we have not used it to construct our time-scale
line). We feel that the new data presented here reinforce our
(1980) view that there must be some error present in that
date. This matter has already been discussed {McKerrow er
al. 1980; Ross et af. 1982; Wyborn ez af. 1982), and we do not
pursue it here.

A comparison of our present scale with Harland er al
{1982) shows identical dates both for the base of the Pridoli
Series and for the Frasnian Stage; our biggest differences are
at the base of the Tremadoc (8 Ma). the base of the Llanvirn
(8 Ma), the base of the Ashgill (6 Ma) and the base of the
Carboniferous (6 Ma). Although we have used some data not
available to them, the principal differences between our
scales results from different assumptions about the relative
durations of series and stages. As stated earlier in this paper,

the more we obtain accurate isotopic age dates, the less we
shall have to make such stratigraphical assumptions on the
duration of series and stages, but for the time being it is the
only reasonable method of assessing the duration of strati-
graphic intervals between dated items.

Jones et al. (1981) show consistently younger ages for the
Silurian and early Devonian than other recent time-scales.
Although based on 50 age determinations, they employ data
which we have rejected, either due to large analytical errors
or because of stratigraphical uncertainties. In order to apply a
least squares regression line to the data, Jones er al. have
ignored the errors on their data points, so that the same
weight is given to vague and to accurate data. They have also
used the Boucot (1975) and Ziegler (1978) durations of the
Silurian series and Devonian stages without any modi-
fications.

Summary

The last few years have seen a rapid increase in the number
of accurate radiometric ages available from rocks which have
adequate to highly precise stratigraphic assignments. A new
scale has been constructed using 18 ages which were not
available two years ago. The most accurate points on our
scale are:

Givetian/Frasnian boundary: 368 = 8 Ma
Earty Ludlow: 421 £ 2 Ma
End of Early Llandovery: 431 £ 6 Ma
Early Caradoc: 450 £ 7 Ma
Middle Arenig: 482 £ S5Ma

Stratigraphical interpolation between these points provides
our summary scale (Table 1, column 5). The greatest uncer-
tainties lie outside the range of these five points: in the latest
Devonian and earliest Ordovician.

We hope this summary may encourage further efforts to fill
in the gaps in the time-scale. We have still some way to go
before we can discuss precise rates of evolution, rates of
sedimentation, and rates of other geological processes with
some confidence.
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Numerical calibration of the Palaeozoic time-scale; Ordovician, Silurian and
Devonian periods

N. H. Gale

SUMMARY : Thirty-five reliable dates for rock units of well-defined biostratigraphy within the
Ordovician, Silurian and Devonian periods are listed. Two alternative graphical presentations of the
data show that all the data, including Rb-Sr whole rock ages of acid rocks, are internally consistent.
Less precise fission track dates are consistent with the other data. but too imprecise sufficiently to
constrain the time-scale. Estimates are given for the numerical calibration of the base of the
Carboniferous, Frasnian, Eifelian, Gedinnian, Llandovery, Caradoc, Llandeilo and Arenig, by
considering the sets of reliable ages for rock units near each boundary.

Much effort has recently been devoted to dating rock units of
well-defined stratigraphy but reviews of such data {(e.g.
Cohee er al. 1978; McKerrow er al. 1980; Ross er al. 1982),
whilst giving a more or less critical account of the strati-
graphy, have often been rather less critical of the geo-
chronology and have in particular sometimes misunderstood
or paid scant attention to the errors associated with the
numerical ages. In comparing and reviewing a set of
stratigraphically controlled geochronological ages it must first
be accepted that those ages can only be validly compared if
errors at the same confidence level are attached to all of
them. Further, in constructing a numerical time-scale it is
essential to use errors at about the 95% confidence level or
roughly * two standard deviations of the mean. Moreover,
when comparing geochronclogical data from different
laboratories and using different radioactive geochronometers,
it is not sufficient to use for error estimates merely the
laboratory estimates for analytical precision. Some attempt
must, for instance, be made to assess also systematic errors,
for example in the measurement of the ratios of pareny/
daughter element concentrations and in the half-lives of the
different geochronometers.

These ground rules are perhaps rather elementary, but
even in very recent publications they have been ignored to
the point where erroneous conclusions have been drawn. To
take an example from the recent paper by Ross er af. {1982),
it is claimed that the mean zircon fission track age of three
Caradocian (Rocklandian} zircons from North America. at
453 + 3.3 (lo,,} Ma, is about 10 Ma younger than supposedly
correlative units in the British Caradocian type sections,
which averaged 462 + 3.4 (1lo,,} Ma. [o,, = standard error of
the mean.] In fact these two dates are statistically indistin-
guishable within the two sigma errors of about + 7 Ma
common to each of them, quite apart from the fact that small
sample statistics should be applied to test the difference of
tbe means. Faced with such a test the means are indeed
indistinguishable, and the alleged geological problem is thus
wholly illusory. The recent review (McKerrow er al. 1980) of
the Ordovician, Silurian and Devonian time-scales was
similarly bedevilled with difficulties due to inadequate
assessments of error, though the similar review in this volume
(McKerrow et al. 1984) is admirably free of such problems.

Recent advances in geochronology have resulted in the
production of a number of isotopic ages for rocks with good
stratigraphic control with quoted precisions of less than 3%.
Indeed there are now about a dozen radiometric ages
for Ordovician-Silurian-Devonian times with quoted pre-
cisions of about 1%, Since these ages are based on a variety
of methods (K-Ar, “Ar/*°Ar, Rb-Sr, U-Pb and Sm-Nd}, in

their intercomparison in constructing a time-scale we must
bear in mind that it is doubtful whether we know the
respective half-lives to this degree of accuracy, and that there
is some difficulty in avoiding interlaboratory analytical bias at
this level.

Though a point has now been reached where it is possible
to list 35 apparently reliable and precise radiometric dates for
this part of the time-scale (see Table 2), even so they are
insufficient to calibrate the bases even of all the series, far
less the stages. In that situation a choice has to be made
whether one rests content with the numerical calibration of
just those stratigraphic boundaries for which there are a
sufficient number of nearby, reliable and corroborative radio-
metric ages, or whether one resorts to some interpolative
procedure to attempt to calibrate also those boundaries which
are at present not directly documented by isotopic ages.

One temptation which ought firmly to be resisted is to use
radiometric ages for one formation only, however good both
the geochronology and the stratigraphy may appear, as an
anchor point in the time-scale. Corroboration must be sought
from equally good ages for other rock units of nearby strati-
graphic location.

Interpolation, though previously much used (Boucot 1975;
Gale ef al. 1979a, 1980; McKerrow 1980) presents hazards
of subjectivity, and calibration of series or stage bases
50 obtained must be regarded as provisional until relevant
direct radiometric ages are available. Interpolation requires
estimates of the relative durations of the stratigraphic series
and stages. Such estimates when based on rates of sedi-
mentation are now known to be unreliable and have rightly
been rejected by McKerrow et al. (this volume); in their place
they use estimates based on subjective rates of evolution of
zonal fossils. Palaeontologists are indeed to be congratulated
for their skill in deriving so well the general features of the
relative durations of the stratigraphic series, but to use these
relative durations for quantitative interpolation invites error
and distracts attention from the primary goal of eventually
establishing at least the series durations directly from
radiometric ages.

That the subjective estimates of the relative durations of
the series and stages are merely approximate guides was
recognized by McKerrow er al. (this volume) who, in their
graphical presentation of numerical radiometric ages against a
stratigraphic time-scale (periods, series, stages and zones),
successively adjusted the relative durations of the strati-
graphic scale untii a straight line passed through almost all
the rectangles representing the analytical errors (20) and the
stratigraphical uncertainties in the data used. Table 1
demonstrates briefly some of the major changes in relative
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TasLE 1. Approximate relative durations of some stratigraphic intervals used in the graphical

interpolation method

McKerrow et al.  Gale et al. Gale & Beckinsale McKerrow er al. McKerrow et al.

1980 1980
Devonian/Siturian 1.75 1.64
Silurian/Ordovician 0.35 0.37
Devonian/Ordovician 0.61 (.61
Caradoc/Silurian 0.84 (.80
Caradoc/ Ashgill 4.0 3.6
Caradoc/Arenig L5 1.54

stratigraphic durations introduced at various times by
different authors who have used this graphical appreach.

One conclusion reached by McKerrow et ai. (this volume) is
that some Rb-Sr isochron dates for acid volcanic rocks lie off
their preferred interpolated time-scale line. It will be shown in
this paper that the graphical interpolation method can be used
in a way, not at variance with palaeontological guidelines,
which results in a time-scale line which passes through these
dates for acid volcanic rocks. Two such alternative graphical
plots are presented which are constructed to pass through 34 out
of the 35 available data points. Together with the solution
proposed by McKerrow ez al. they serve to demonstrate the
subjectivity of this approach. The data is used also to suggest
age intervals for the bases of the Tremadoc, Arenig,
Llanvirn, Caradoc, Ashgill, Llandovery, Ludlow, Gedinninian,
Famennian and Tournaisian stages.

1983 1982 this volume
1.69 1.75 2.45
.34 (.38 0.30
0.57 0.67 (.74
0.85 (.56 0,53

4.0 2.25 1.8

1.35 0.97 0.58
The data

Of the 35 items listed briefly in Table 2, 23 are listed also,
and the stratigraphy discussed, by McKerrow e al. (this
volume). We have not used the four fission-track ages listed
by McKerrow et al. (this volume) for reasons-to be discussed
later. We have rejected also the unpublished discordant U-Pb
zircon dates for the Katahdin Batholith; neither can the data
be assessed nor the possibility that inherited zircons are re-
flecting too old an age — note that in their Fig. 1 McKerrow
et al. have great difficulty in forcing their time-scale line
through this datum.

We list also 12 reliable items not used by McKerrow et al.
(this volume); of these, 11 are fully discussed under the NDS
numbers quoted in Table 2 in Odin (1982), whilst the
stratigraphy of the Oliverian Syenite has been discussed by
Foland & Loiselle (1981).

TaBLE 2. Critical radiometric dates for the Palaeozoic time-scale

ltem Locality Geochronological Ma x 20 Stratigraphy Reference
Scheme
1. Kelso Lavas. Scottish Borders K-Ar basalt 361 £ 7 pre early Tournaisian ~ NDS 165
post late Devonian
2. Post-cauldron intrusions, K-Ar biotite,
SE Australia hornblende, muscovite 362 + 3* Famennian NDS§ 235
3 Cerberean Volcanics, K-Ar biotite 367 + 4* Frasnian NDS 234
SE Australia
4. Mt. Buller granodiorites and Woods) K-Ar, biotite, 381 x 4% Eifelian—Givetian NDS 233
Pt. dyke swarms, SE Australia ) hornblende
Shap Granite, English Lake District Rb-Sr, WR, biotite 394 + 4* Gedinnian—Givetian NDS 241
6. Skiddaw Granite, English Lake District K-Ar, biotite 398 + post Pridoli NDS 192
Pembroke Voleanics, Appalachians, USA Rb-Sr. WR 393 £ 7 Early Gedinnian— NDS 237
Lower Emsian
8. Lorne Lavas Rb-5r 399 + 5 Gedinnian A.
9. Hedgehog Volcanics, Appalachians, USA Rb-8r. WR 400 = 107" Late Gedinnian NDS 223
10. Gocup Granite, Australia K-Ar, muscovite 409 + 57 Post Wenlock pre NDS 210
Siegen
11. Laidlaw Volcanics, Australia { K-Ar, sanidine a9 £ 5 )
{ K-Ar, biotite 420 £ 5 ) Ludlow, nilssoni} B
{ Rb-5r, WR 425 + 17) Zone ) ’
{ Rb-Sr, biotite 21 +£5)
12. Middle Elton Formation, Shropshire K-Ar, biotite 419 = 10 Gorstian, Ludlow C.
13, Quoddy Volcanics, Appalachians, USA Rb-S5r, WR 408 £ 8 Late Llandovery NDS 238
14.  Descon Formation, SE Alaska “Ar-YAr, 431 £ 7 Liandovery, NDS 128
hornblende M. cyphus Zone
15. Stockdale Rhyolite, Rb-Sr, WR 421 + 5* Ashgillian NDS 243

English Lake District
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16. Eskdale Granite, Rb-Sr, WR 429 + 4 Late Caradoc NDS 189
English Lake District
17. Oliverian Syenite Rb-Sr, WR 441 =+ 5 Caradoc, post lower D.
clingani?
18. Carters Limestone, Alabama, USA K-Ar, biotite, 455 + 10 Early to Middle NDS 129
sanidine Caradoc
19. Tyrone Limestone, Kentucky, USA K-Ar, biotite 443 + 10 Middle Caradoc NDS 161
20.  Tyrone Limestone, Kentucky, USA MATYAr 433 + 5 Middle Caradoc E.
21. Kinnekulle, Sweden { Rb-Sr, biotite 45 + 4 post gracilis,) F.
{ K-Ar, biotite 450 + 6 pre clingani )
22. Borrowdale Volcanics, Sm-Nd 457 £ 5 Llandeilo to early G.
English Lake District Caradoc
(23.)  Bail Hill Volcanics, Scotland K-Ar, biotite 455 + 15 gracilis Zone H.
24, Benan Conglomerate, Scotland Rb-Sr 470 £ 5 pre gracilis Zone NDS 135
{25, Colmonell Gabbro, Scotland K-Ar 484 = 10 { post mid- Arenig) H.
{ pre late Llanvirn}
26. Gt. Cockup Picrite, K-Ar, biotite, 468 * 10 Lower Llanvirn NDS 191
English Lake District hornblende
27.  Hare Bay Ophiolite, Newfoundland WAr-YAr 480 £ 5 Mid Arenig to 1.
Mid Llanvirn
28. Byne Hill, Scotland U-Pb, zircons 484 + 4 Mid Arenig, nitidus NDS 134
Zone
29.  Bay of Islands gabbro, WAV AT 460 = 5 Mid Arenig or 1
Newfoundland gracilis Zone
{30.) Twt Hill Granite Rb-Sr 498 + 7 pre mid-Arenig K.
{(31.} Rhobell Fawr, Wales K-Ar 508 + §7- Late Tremadoc L.
32. Krivoklat-Rokycany, Bohemia Rb-Sr, WR 491 + 14 Late Cambrian to pre NDS 130
early Tremadoc
33. Southern Uplands Basalt Sm/Nd 490 + 14 deflexus Zone or M.
older
34. Mount Morgan Tonalite K-Ar, hornblende 369 + 5 Givetian-Frasnian F.
35. Wormit Bay Lava Rb-Sr, biotite 408 + 5 Ludlow-Pridoli
o] Stratigraphy from W. S. McKerrow
NDS: Abstracts /n: Odin, G. S. 1982, Numerical Daring in Stratigraphy, Part Two, John Wiley, Chichester.
A.  Brown, ] F. & Pankhurst, R. J. 1982, In: Sutherland, D. S. {ed.}, Igneous Rocks of the British Isles. John Wiley, Chichester, p. 580.
B. Wyborn, D., Owen, M., Compston, W. & McDougall, L. 1982, Earth and planet. Sci. Lett., 59, 90—100.
C. Ross, R. 1. er al. 1982, Geol. Mag., 119, 135—-353.
D. Foland, K. A. & Loiselle, M. C. 1981. Bull. geol. Soc. Am., 92(1), 179—-88.
E. Quoted in Gale, N. H., Beckinsale, R. D. & Wadge, A. J. 1979. J. geol. Soc. Lond.. 136, 235—42.
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In Table 2 four items, whose numbers are enclosed in
parenthesis, are less reliable than the others. The data for the
Twt Hill Granite is not yet published and cannot be assessed,
moreover the stratigraphy is not yet certain. For Rhobell
Fawr, Item 31 in Table 2, the Cambridge data consists of five
K-Ar dates on pargasites of 506, 505, 491, 530 and 508 Ma;
the mean is 508 Ma, g = 14.02, g, = 6.27, Students t at the
95% level is 2.78, so the 95% confidence level is £ 17 Ma
{the authors quote 508 + 11 Ma). Confidence in the present
data for Rhobell Fawr is weakened by the age of 475 +
12 Ma quoted as NDS 122 in Odin (1982). The old data for

the Colmonell Gabbro (Item 25) and the Bail Hill Volcanics
(Item 23} are not very reliable. For the Bail Hill volcanics
four K-Ar dates on biotites were quoted of 463.4, 463.4,
445.3 and 448.4 Ma (corrected to ICC); the mean is 455 Ma,
a = 9.64, g, = 4.82, Students t is 3.18 at the 95% confidence
limit, so the error is = I5 Ma. An objection may be made in
that one should not take the mean of a group of variable K-
Ar ages on altered biotites (though McKerrow et al. (this
volume) quote 453 = 10 Ma for Bail Hill), since the younger
ages probably represent argon loss, but the Bail Hill biotites
contain potassium at a level where Obradovich & Cobban
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(1976) have shown that biotites can occasionally record a K-
Ar age higher than the true age. Probably the existing data
for Bail Hill and the Colmonell Gabbro should be given low
weight for time-scale purposes.

The errors quoted for secme items in Table 2 are slightly
higher than the laboratory precision quoted by the author, in
an attempt to allow for possible interlaboratory systematic
bias. In particular, note that the age for the Stockdale
Rhyolite was originally quoted for comparative purposes
(Gale et al. 1979a) as 421 = 5 Ma, but has been persistently
misquoted as 421 * 3 Ma.

The new data {Item 11 in Table 2} for the acid Laidlow
Volcanics leave McKerrow et al. (this volume) ‘in no doubt that
the base of the Ludlow Series lies around 420 £ 2 Ma'. The
stratigraphy of the volcanic formations in the Canberra area
has been uncertain for a long time. It seems that the strati-
graphy of the dated Canberra volcanics has now been
established by lithological correlation with voicanic for-
mations in the Yass area where the stratigraphic relations are
not in doubt (Wyborn er al. 1982); it may be that the dated
volcanics are not quite so closely constrained as is at present
claimed. Leaving that aside, the rocks include inherited
zircon {(Gulson & Rankin 1977} and Wyborn et al. may
possibly too lightly have dismissed the idea that the biotite
may also in part be inherited. though the concordance of the
Rb-Sr and K-Ar ages for the biotite would normally cause
one to accept them as dating the igneous event. The mean
sanidine K-Ar age is lower than the mean biotite age. vyet
sanidine is generally more resistant to secondary alteration
than biotite, contains less initial Ar and is generally accepted
as a reliable mineral for K-Ar dating (Baadsgaard &
Lerbekmo 1982; Hess et al. 1983). Again, the Rb-Sr whole
rock system in the Laidlaw Volcanics is clearly disturbed and
the dated biotites are chloritized. with lowered potassium
content. The study of Obradovich & Cobban (1976} showed
that in these circumstances biotite ages can be both too low
or too high; though it is true that this study of late Cretaceous
biotites revealed difficulty only for biotites containing five or
less per cent potassium {the dated biotites for the Laidlaw
Volcanics contained 5.9 and 6.5% potassium), it might be
that the effect could occur at higher potassium concentrations
for older biotites; could it occur alse for the Rb-Sr system?
Faced with such possibilities, however remote, it seems
unwise to use alone the data for the Laidlaw Volcanics as an
anchor point for the time-scale: we must await corroborating
evidence.

The new precise data for the Kinnekulle Bentonite
{(Williams e7 al. 1982) is welcome. The Al bentonite which
was dated comes from a quarry at Mossen {Bystriim-Asklund
et al. 1961}, but the stratigraphy was established directly only
for the core taken at Kullatorp, 1.2 km. from Mossen. The
Mossen section was not established by Thorslund {1948}, but
given to him by Rudberg: the correlation between the
bentonite beds at Kullatorp and Mossen is probably good.
but was said by Thorslund {1948, p. 352 and Fig. 3} to be no
better than tentative. 1f the correlation 15 correct, the Al
bentonite lies anywhere between the post-gracilis to mid-
clingani Zones.

Graphical presentations of the data

We reiterate that, in a preliminary discussion of the data, we
use the graphical method chiefly as a convenient method for
visual presentation and to emphasize that more than one

graphical plot can be made of the existing data. In common
with McKerrow et af. (1984) we have been guided in our
choice of relative stratigraphic subdivisions by the publi-
cations of Cocks et al. (1971), Williams et af. (1972), Ziegler et
al. (1974, 1978), Boucot (1975), House et af. (1977), and House
etal. (1979). Like them, we too have modified the stratigraphic
axis until a scale was obtained which allowed a straight line to
pass through the rectangles representing the uncertainties in
the data used, but unlike them we have sought to use all the
reliable data now available and have not accepted a final
solution which does not allow the line to pass through all the
data, including that for acid rocks.

McKerrow et al. (this volume) stress that their time-scale line
does not pass through the Stockdale Rhyolite datum and state
incorrectly that their preferred time-scale ‘differs markedly
from those of Gale ef al. (1980) and Odin {1982}, mainly due
to the weight placed on the 421 * 3 (sic) Ma date of the
Ashgill Stockdale Rhyolite’. The time-scale suggested in Odin
(1982) (properly Gale (1982)) was based on a discussion of
three dates for the Silurian and 19 for the Ordovician;
moreover Gale & Beckinsale (1983) stressed that undue
weight should not be given to the Stockdale Rhyolite age and
showed that all the data then available (including that for five
acid volcanic formations) could be accommodated on a
straight line by suitable choice of the stratigraphic axis — the
line was not artificially constrained to pass through the
Stockdaie Rhyolite datum.

Examination of Fig. 1 of McKerrow et al. {this volume)
shows that their preferred line is chiefly constrained by having
to make it just pass through the corner of the rectangles for the
Katahdin Batholith, the Wormit Bay Lava and the Laidlaw
Volcanics biotite data — even so, the Laidlaw Voicanics
biotite datum can only just be accommodated. In contrast
Fig. 1 of this paper shows how, with a different vertical axis,
all the 35 data points (using the sanidine data for the Laidlaw
Volcanics) can be made to lie on a straight line.

It should perhaps especially be noticed that Rb-Sr isochron
ages for acid volcanics (Items 7, 8, 9, 13, 15 and 32) fit this
line quite well. These acid volcanics are all either rhyolites or
ignimbrites and the fact that they fit the line, defined essen-
tially by dates on other types of rocks, should at last dispel
the widely held prejudice against dates for such acid rocks.
All geochronological systems may, in some circumstances, be
reset, but it has been argued before (Gale er al. 1979b, 1980,
1983) that certain types of acid rocks are not always reset.
Direct proof of this comes from examples of Rb-Sr isochron
ages for acid volcanics which are concordant with ages
derived from other decay schemes. For instance, Cleverley
{1977) has dated Karoo dolerites and rhyolites from the
Lebombo of Swaziland. An Rb-Sr whole rock isochron for
the rhyolites yields an age of 189 = 7 Ma with an MSWD of
1.1; the dolerites not only fall on the same isochron but also
yield an independent mean K-Ar age of 188 +* 5 Ma.
Moreover, recent work on the Cerbereun Volcanics in
Australia (Williams et al. 1982) gives a mean Rb-Sr biotite-
whole rock age of 367 * 3 Ma and a mean K-Ar biotite age
of 366 £ 3 Ma for the biotite rhyodacite, whilst for the
contemporanceous basal rhyolite the Rb-Sr isochron age for
whole rocks and feldspars vields an age of 369 £ 3 Ma.
Further, Auvray (NDS 249, in Odin 1982) quotes Rb-Sr
whole rock dates for granites and rhyolite ignimbrites in the
Trégor area, Northern Massif Armoricain; the granites
yield 554 + 19 Ma whilst the rhyolitic ignimbrites gave
547 = 12 Ma.
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In Fig. 1 a line cannot be forced through the biotite data
for the Laidlaw Volcanics without causing it also not to pass
through some other reliable data. In Fig. 2 the duration of
the Silurian has been contracted in relation to the Ordovician
and Deveonian Periods; in this way the Laidlaw Volcanics
biotite data can just be accommaodated with all the other data
with a relatively small effect on the resulting time-scale
except in the Silurian period. Other variations of this
approach can be envisaged, but are of little value in the
absence of more closely defined data.

Fission track data

The hssion track ages of Ross ez al. (1982) have not been
used here because the errors are too large to he useful in
constructing a time-scale. The authors believe that the errors
to be attached to these fission track ages have been properly
assessed by Gale & Beckinsale (1983). However, in that paper
the authors relied too much on criticisms made by Storzer &
Wagner (1982} of certain technical features of the fission
track measurements reported by Ross ef af. (1982). The

authors are now convinced that the technical quality of these
measurements was of a very high standard, that possible track
annealing was properly considered and that the zircons, dated
by the external detector method, were oriented in such a way
that the geometry factor was known with certainty.

McKerrow er al. (this volume) have shown in their Fig. 2 that
these fission track ages, when plotied with a 2o error bar. all
intersect their recommended time-scale line, but place little
constraint on it. The same is true if the fission track ages are
plotted on Figs 1 and 2 of this paper.

Constraints imposed on series and stage bases by
the data

In this section we investigate how the set of 35 reliable data
may be used to estimate probable intervals within which the
bases of some of the Series and Stages fall.

For the base of the Carboniferous we have the 361 + 7 Ma
age for the Kelso lavas (Item 1), placed by De Souza (1982)
as post late Devonian, pre early Tournaisian, and probably very
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close to the base of the Carboniferous. Further information
comes from the minimum age of 362 * 3 Ma for the
Famennian post-cauldron intrusions (Item 2} and the
367 * 4 Ma minimum age for the Frasnian Cerberean
Voicanics {Item 3}, whilst the Mount Morgan tonalite
{Item 34} gives a minimum age of 360 + 5 Ma for the
Givetian-Frasnian and in the Early Visean a minimum age
of 353 = 7 Ma (NDS 166, in Odin 1982) comes from the
dating of the Garleton Hill Lavas. Taken together a bracket
between 355 to 365 Ma seems reasonable for the
Devonian— Carboniferous boundary.

Little can be added to the discussion {Gale 1982) of the
Upper/Middle and Middle/Lower Devonian boundaries, since
the only new datum is Item 34 for the Mount Morgan
Tonalite. There seems no reason to depart from the sug-
gestions of 375 £ 5 Ma and 385 = 8 Ma respectively for these
boundaries. For the base of the Devonian ftems 7, 8, 9 and
35 are relevant, together with other less reliable data dis-
cussed by Gale (1982), and suggest that the boundary lies in
the bracket 400*1" Ma.

For the Silurian new data are the minimum age of
419 = 10 Ma for the Gorstian ({tem 12) and the dates for the
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Laidlaw Volcanics (Item 11). Near the base of the
Llandovery the dates for the Llandoverian Descon Formation
{431 = 7 Ma, ltem 14) and the Ashgillian Stockdale Rhyolite
(421 = 5 Ma, Item 15) overlap and are not inconsistent either
with a date of 425 Ma for the base of the Silurian or with a
late Llandoverian date of 408 + 8 Ma (item 13) or a late
Caradoc date of 429 + 4 Ma (Item 16), or even 419 = 10 Ma
for the Gorstian. It is difficult to accommodate within this
series of dates the biotite date of 421 + 5 Ma for the Laidlaw
Volcanics, though the sanidine date of 409 + 5 Ma fits well.
However, as discussed by Wyborn et al. (1982), the maximum
difference between the estimates of age for the Stockdale
Rhyolite and the Laidlaw Volcanics biotite s
~ 8—10 Ma, allowing both for experimental precision
and possible interlaboratory bias. It is conceivable that 10 Ma
might ultimately prove to be the true age difference between
the Ludlow and Ashgill, and this is essentially the situation
graphically represented in Fig. 2. Since the preparation of
Table 2 and Figs. 1 and 2 a late contribution to this volume
by Kunk ef al. (p. 89) has been brought to the author’s attention.
They report new *“’Ar/** Ar dates for the Descon Formation; a
total gas age of 433 Ma and a preferred 1200°C step age
quoted as 436.2 + 5.0 Ma (20). both of which agree within
errors with the original total gas age of 431 £ 7 Ma (20)
(Item 14). It seems that these ages represent a good minimum
age for the Monograptus Cyphus Zone in Alaska, and the
doubts whether the original data might reflect too old an
age due to excess argon are now removed. The same
authors report “’Ar/”Ar plateau ages of 423.7 + 1.7 and
422.8 + 5.8 Ma for biotites from the Gorstian Middle Elton
Formation, confirming the data of Item 12, All this data can
be accommodated in Fig. 2, though slight changes in the
relative lengths of the series are required to effect it com-
fortably. The position is not completely clear at present, but
it can provisionally be suggested that the base of the Silurian
lies in the bracket 4257i" Ma, and that the duration of the
Silurian is between 10 and 40 Ma.

Since the discussion by Gale (1982} there have been several
new dates reported within the Ordovician; viz. Items 17, 21,
22, 28 (revised stratigraphy). 30, 31 and 33, The Late
Tremadoc continues to be poorly dated by imprecise dating
of Rhobell Faur at 508 + 17 Ma (cf. earlier data of
475 = 12 Ma, NDS8I122 in Odin 1982). It now appears that
the data for Byne Hill (Item 28) suggests that the
Didymograptus nitidus Zone of the Arenig is to be dated at
484 + 4 Ma; together with Items 30 and 33 and basal Arenig

dates on glaucony from Estonia (NDS125) and Sweden
(NDS132) the modern data is consistent with basal Arenig
lying in the interval 490 * 6 Ma. The base of the Tremadoc
remains uncertain.

Itemns 18, 19, 20, 21, 23, 24 and 29 together with data
previously considered by Gale {1982) suggest that the base of
the Llandeilo must be near 462 + 8 Ma and the base of the
Caradoc near 452 = 8 Ma. This large change for the base of
the Caradoc, compared with Gale (1982), is necessitated by
the new data. The situation is not changed by the revision
reported in this volume by Kunk et al. of the date of
the Tyrone Limestone. The date of 433 Ma (Item 20)
originally reported to me by Sutter is apparently incorrect
due to erroneous neutron flux monitoring, and has now been
corrected to 454.1 = 2.1 Ma. This change provides a salutary
lesson that too much reliance should not be placed on a single
date. In fact little weight was given to dates for the Tyrone
Limestone in constructing a time-scale by Gale (1982) or
Gale & Beckinsale {1983), since the stratigraphy is known
only as roughly equivalent to mid-Caradocian.

Comparison with previous time-scales

Table 3 compares these estimates, based on the best available
modern data, with some other recently proposed time-scales.
In particular it will be seen that new data has largely recon-
ciled the time-scale proposed in this paper and that proposed
by McKerrow ¢t al. The remaining differences, in the Silurian
Period, are not to be attributed to undue weight being given,
in this paper, to the Stockdale Rhyolite datum; rather they
are to be attributed to the attempt to take into account here
all data not yet proved to be unreliable. It remains clear that
further refinement of the time-scale is needed by the addition
of more reliable data, especially in the latest Devonian,
earliest Ordovician and in the Silurian Periods; and that the
suggestions made in this paper can at best provide an interim
solution.
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TasLE 3. Comparison of estimates of the ages of the base of some chronostratigraphic intervals
McKerrow et al. Odin Gale & Beckinsale McKerrow er af.  This paper
1980 1982 1983 this volume
Carboniferous 360 36073, 3% x5 354210 360 £ 5
Frasnian 377 375+ 5 372 5 374 375 x5
Eifelian 390 385+ 8§ 384 + 5 391 385 £ 8
Gedinnian 411 400110 398 + 5 412 £ 5 400 + 8
Llandovery 438 418%3, 25+ 5 435 £ 7 425+]0
Caradoc 467 438 £ 5 452 + § 454 + 7 452 + 8
Llandeilo 479 ~ 455 462 + 5 461 + 7 462 + 8
Arenig 504 475+ 10 490 + 5 492 + 7 490 = 6
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Age of biostratigraphic horizons within the Ordovician and Silurian systems

M. J. Kunk, J. Sutter, J. D. Obradovich and M. A. Lanphere

SUMMARY : Three samples that have a bearing on the age of horizons within the Ordovician and
Silurian systems, two previously dated by the conventional K-Ar method and one by the “Ar™ Ar
total-fusion method, have been reanalysed wsing the “Ar/**Ar age-spectrum method. Conventional
K-Ar and total-fusior **Ar/*?Ar ages can always be questioned because of the relative case with which
the K-Ar system can be disturbed, either thermally or chemically (i.e. Dalrymple & Lanphere 1969;
Clauer et ul. 1982). The *Ar/*?Ar age-spectrum method has the potential for identifying disturbed K-
Ar systems {i.e. Berger 1975; Harrison & McDougall 1980). The authors feel that the age-spectrum
data from these samples are significant because the previous results for these samples have been
questioned in recently proposed Palaeozoic time-scales because of a possible disturbance of the K-Ar
isotopic system {i.e. Gale er al. 1979, 1980; Gale 1982).

Analytical method

The **Ar/™Ar age-spectrum method of dating involves the
use of mineral standards for monitoring the neutron dose
during irradiation {Dalrymple ez «f. 1981}. We have chosen to
use the standard hornblende. MMhb-1 {(Alexander er al.
1978) and to accept its age as 5194 Ma {Dalrymple ef al.
1981}. Conventional K-Ar ages of MMhb-1 measured by both
Lanphere and Obradovich do not differ from 519.4 Ma at the
95% confidence level. During this study we also analysed
GA-1550 biotite, an intralaboratory standard used at
Australian  National University by lan McDougall and
co-workers {Joplin 1971; Williams ef «f/. 1982). This biotite
yields concordant K-Ar and Rb/Sr ages, and the mean K-Ar
age of 97.9 Ma was used in this study. The J value
{Dalrymple & Lanphere 1971) calculated from the horn-
blende MMhb-1 and the biotite GA-1550 agree within .5%
the J values based on GA-1550) but are systematically
lower than those based on MMhb-1. The J values quoted in
Table | of this paper are based solely on MMhb-1, but
obviously the data presented here are also comparable with
data based on GA-1550.

The term ‘weight-average plateau age’ is used as described
by Fleck et al. {1977}, except that the test for concordancy on
the ‘plateau” has been made by comparing the *Arg/**Ary
ratios and their errors using the critical value test described
by Dalrymple & Lanphere (1969, p. 120). The error assigned
to the weight-average plateau age is simply two standard
deviations (20} of the mean of all apparent ages making up
the ‘plateau’. The error assigned to the age of an individual
temperature step was estimated using the equation given by
Dalrymple & Lanphere {1971) and represents a 1g estimate
of precision. Any significant change in the age assigned to the
monitor mineral would change the “Ar™Ar age of the
unknown accordingly.

Description of samples and discussion of results

Esquibel Island, Alaska, USA

Sample 71AE225D hornblende, originally collected and
analysed by Lanphere e al. (1977), is from a sedimentary
breccia in the Descon Formation. The breccia is composed of
broken euhedral crystals of hornblende, pyroxene, and
plagioclase, as well as wvolcanic rock fragments, in a
graywacke matrix. The crystals and rock fragments are
autobrecciated juvenile volcanic material and are not con-

sidered to be detrital material from an older volcanic terrain.
The breccia lies immediately above a shale sequence
containing graptolites of late Ordovician and early Silurian
age. The base of this breccia is four metres above shale
containing a graptolite fauna characteristic of the Monro-
graptus cyphus Zone of Lower Llandovery age (Churkin er
al. 1971). The age of the breccia thus provides a younger
limit for the age of both the Monograptus cyphus Zone and
the Ordovician—Silurian boundary.

The original age determination of 71AE225D hornblende,
performed by Lanphere at the US Geological Survey in Menlo
Park, California, used the *"Ar/*°Ar total-fusion method,
which cannot detect a disturbance of the K-Ar isotopic
system by either loss or gain of *Ar (excess *“Ar). Ac-
cordingly, this sample was reanalysed by Kunk & Sutier at
the US Geological Survey in Reston, Virginia. The analytical
results (Table 1} show that this hornblende contains no
detectable excess “’Ar and that the hornblende may have lost
a very small amount of “’Ar, The total-gas age presented in
Table 1 is identical with Lanphere’s total-fusion age. The
1200°C step (Table 1), which contains 96% of the argon
released from the hornblende, yields an apparent age (pre-
ferred age) of 436.2 = 5.0 Ma (20), which agrees within the
limits of analytical precision with the original “’Ar/*Ar total-
fusion results of Lanphere ef al. (1977). We believe, on
this basis, that 436.2 £ 5.0 Ma (2o) truly represents a
minimum age for the Monograptus cyphus Zone and
the Ordovician—Silurian boundary. By means of the
sedimentation-rate model of Lanphere er al. (1977). the
age of the Ordovician—Silurian boundary can be estimated as
at least 439 * 6 Ma (combining probable errors in the
sedimentation-rate model and analytical uncertainty in the
age of the 1200°C step of 71AE225D (hornblende)).

Hopedale, Shropshire, England

A bentonite in the Middle Elton Formation, Gorstian Stage,
early Ludlow was collected by Ross et ai. (1982). Obradovich,
using the conventional K-Ar method at the US Geological
Survey in Denver, Colorado, measured the age of two biotite
separates, 768h25 and 765h25(2), and calculated a mean age
of 419 + 7 (20)" for this bentcnite. Zircon from this same
bentonite was dated by C. W. Naeser at the US Geological
Survey in Denver, Colorado. He calculated a fission-track

*Obradovich (letter to Dr E. Calvin Alexander 1981) reported a
mean K-Ar age of 516 £ 6 Ma (20) for standard hornblende
MMhB-1. This differs from the accepted age of 519.4 Ma
{Dalrymple ef al. 1981} by about .7%.
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TABLE 1.  Analytical data
TEMP 40-Ar 37-Art 36-Ar 33-Ary 40-Ar 39-Art* APPARENT " APPARENT****
°C 39-Ar 39-Ar 39-Ar (% of % {mcles K/Ca AGE
total)  radiogenic  x 107'%) {mole/mole) (Ma)
71AE225D hornblende; SE Alaska; Llandoverian, Monograptus cyphus Zone
I = 0.006627 Sample wt. = 0.0756 g
550 303 14.1 0.5703 0.3 5.7 0.004 0.04 194.6 + 146.6
800 199 28.6 0.5793 0.9 15.0 0.0012 0.02 3244 + 260
1200 50.5 4.51 0.0324 96.1 81.7 1.29 0.12 4362 + 2.5
FUSE 426 9.52 1.322 2.7 8.5 0.036 0.05 386.7 £ 114.0
Total-gas age = 433
Preferred age = 436.2 + 5.0{20)
76Sh25 biotite; Shropshire; Ludlovian, Neodiversograptus nilssoni to Lobagraptus scanicus Zone
J = 0.006575 Sample wt. = (L0720 g
350 117.4 0.095 0.2746 1.1 30.9 0.097 55 3858 £ 4.4
450 76.82 1.92 0.1374 0.5 47.3 0.048 0.27 386.6 + 5.7
650 47.56 0.155  0.02425 33 84.9 0.258 34 425.0 + 2.0
850 42.89 0.011 0.00784 11.9 94.6 1.06 49 426.6 + 2.0
950 45.29 0.005 0.01583 11.2 89.7 1.00 103 42649 2.0
1000 45.63 0.009  0.01704 10.7 89.0 0.954 55 4268 £ 1.9
1050 44.96 0.021 0.01464 10.4 90.4 (.935 24 427.1 £ 2.2
1100 47.47 0.031 0.02392 0.2 85.1 (1915 17 4249 + 20
1156 50.49 0.036 0.03496 6.6 79.5 {.593 14 4227 £ 2.0
1200 50.53 0.045  0.0349%4 5.8 T9.6 0.522 12 4231 = 2.0
1250 47.00 0.058  0.02272 9.6 85.7 0.862 9.0 4239 + 2.1
FUSE 53.30 0.036 0.04421 18.6 75.5 1.67 15 4234 + 2.1
Total-gas age = 424.5
Weight-average plateau {1100°C-Fuse} age = 423.7 + 1.7(20)
76Sh25(2) biotite; Shropshire; Ludlovian, Neodiversograptus nilssoni to Lobograpius scanicus Zone
J = 0.006610 Sample wt. = 0.1094 g
350 39.42 0.016 3.0342 1.3 74.3 (.16 33 3194 + 2.2
450 49.75 0.002  0.0295 1.0 82.5 0.13 300 4328 + 2.2
650 42.08 0.002 0.0043 6.8 97.4 0.584 300 430.8 + 2.2
800 41.82 0.001 0.0042 8.5 97.0 1.04 500 428.6 + 2.2
9200 44.68 0.001 0.0139 35 90.8 0.43 500 4284 + 2.3
1000 43.25 0.001 £.0088 8.0 94.0 (1.98 5K 4292 £ 1.9
1050 44.37 0.001 .0129 10.3 91.4 1.2% 500 4284 = 2.3
1100 43.78 0.001 0.0048 9.2 93.4 1.13 500 4314 + 2.0
1350 41.55 0.002 0.0052 48.3 96.3 5.96 200 4234+ 2.0
FUSE 169.4 0.001 0.4385 31 23.5 0.38 500 422.0 + 3.8
Total-gas age = 425.0

Weight-average plateau (1350°C-Fuse} age

il

422.8 + 5.8(20)

* ¥Ar corrected values were determined using a decay constant of 8.25 x 10" disintegrations/hour for Ar.
*+ ¥Ar, . concentrations were calculated using the measured sensitivity of the mass spectrometer and thus have a

precision of 0% —20%.

*++ Apparent K/Ca ratios were calculated using the equation given in Fleck ef al. {I1977).
**++ The otopic composition of argon was measured with a V. G. Micromass MM1200B mass spectrometer at the US
Geological Survey in Reston, Virginia. Samples were irradiated in the Central Thimhle facility of the US Geological
TRIGA Reactor in Denver, Colorado and (*Ar* Ar)e,. (VAU7AT), and (™At Ar) ratios used were those reported
by Dalrymple er af. (1981). The monitor mineral used in this study was MMhb-1, which has been described by Alexander
et al. (1978). Constants used in the age calculations are those recommended by Steiger & Jager (1977).

age of 407 * 18 Ma {20) (Ross ef al. 1982}, Sutter & Kunk
have reanalysed the two biotite separates from this bentonite
by the *Ar°Ar age-spectrum method. Although the age
spectra of both biotites are somewhat discordant (Table 1 and
Fig. 1}, their total-gas *"Ar/*Ar ages (424.5 and 425.0 Ma)
are the same, within analytical uncertainty, as Obradovich’s
conventional K-Ar mean age of 419 £ 7 Ma (20). The
AP Ar weight-average plateau age of 76Sh25 biotite is
4237 + 1.7 Ma (20). and we believe that this is the best age
estimate for this bentonite. Thus, a minimum age of 423.7 +
1.7 Ma (20) for the Gorstian Stage (early Ludlow) is

indicated. This is in excellent agreement with the suggested
age of 421 = 2 Ma (20) for the Laidlaw Volcanies {(Wyborn ez
af. 1982) in Australia which occur at a similiar biostrati-
graphic level (Monograptus nilssoni Zone).

Northern Kentucky, USA

Biotite CM-10, from a bentonite in the uppermost part of the
Tyrone Limestone of northern Kentucky of Blackriveran to
early Kirkfieldian age (thought to be roughly equivalent to
mid-Caradocian), was originally analysed by Sutter by the
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WA Ar age-spectrum method. Although this biotite yielded
a weight-average plateau age of 433 + 10 Ma (20). the age
was later found to be in error because of faulty neutron-flux
monitoring. The biotite has subsequently been reanalysed
along with other biotites from bentonites in the midcontinent
region of eastern North America at the same stratigraphic
level (Kunk & Sutter, 1984}. Kunk & Sutter have shown
that this stratigraphic level has an age of 454.1 + 2.1 Ma (20)
from Alabama to Ohio. However. the original age result of
sample CM-10 biotite has been used rather arbitrarily by
Gale er al. (1979, 1980) and Gale (1982, this volume) in
constructing a time-scale for the Palaeozoic.

Conclusions

The analytical results presented here provide additionat
documentation for the ages of one horizon in the Ordovician
and two horizons in the Silurian systems. These ages differ
significantly from those suggested by Gale {this volume) for
the same stratigraphic levels. In particular, our results suggest
a significantly different age for the Ordovician—Silurian
boundary. We prefer an age of 439 + 6 Ma (20} for this
point, whereas Gale suggests 425 + 5 Ma.

In addition, we estimate the early Ludlow to be a minimum
4237 = 1.7 Ma (20) on the basis of biotite from sample
768h25. This age, however, is the same as the whole-rock
Rb-Sr isochron age obtained by Gale e al. (1979} for the
Stockdale Rhyolite of Ashgillian age. The results presented
here, those for the Laidlaw Volcanics (Wyborn et al. 1982),
and those for the Stockdale Rhyolite cannot all be correct.
Because our results and those of Wyborn et al. on samples
from the same biozone, widely separated geographically, and
analysed by separate laboratories by different methods, yield
the same age, we can only conclude that, however precise
and analytically accurate, the result for the Stockdale
Rhyolite is geologically inaccurate. Compston et af, {1982)
suggested that the Rb-8r data of Gale er al. (1979) for the
Stockdale Rhyolite could be explained by means of a two-
stage *’Sr evolution model. This two-stage model suggests
that the Stockdale Rhyolite is at least 430 + 7 Ma {20} old
and that it probably had a net loss of ¥Sr about 412 + 7 Ma
ago.

Finally, we want to set the record straight on the use of the
original “’Ar/**Ar data of Sutter’s on CM-10 biotite from the
Middle Ordovician of North America. Kunk & Sutter
(1984) have shown that the bentonites, (including the one
from which CM-10 was collected) from the midcontinent
region of the USA, which are of Blackriveran to early
Kirkfieldian age are 454.1 + 2.1 Ma (20} old. The
433 = 10 Ma (20} age of CM-10 biotite that has appeared in
the literature (Gale er af. 1979, 1980; Gale 1982, this volume)
should be disregarded in the construction of a Palaeozoic
time-scale,
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Remarks on the numerical scale of Ordovician to Devonian times

G. S. Odin

SUMMARY : The Early Palacozoic is the most difficult portion of the time-scale to calibrate due to
the low number of precise calibration points although knowledge has greatly increased during the last
few years. Thus, two-thirds of the data selected by McKerrow et al. (this volume) had not been
96 published in 1980. These new data permit a reassessment of the preceding proposals. The location of
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some boundaries is still somewhat subjective; this explains differences in recommended or preferred

numbers proposed by different authors. However, the correct assessment of the available data by the
different authors allow one to define intervais of time {better than just numbers), and some sort of
‘non disagreement’ is now obtained which was not the case earlier. The present comment intends to
show the points of agreement, to underline some differences of interpretation, and discuss some data

not considered by McKerrow et al.

Selection of reliable calibration points

McKerrow ef al. (this volume) have considered 28 items (the
author will note them MLC-00 in the following text) but they
seem to use only 23 of them.

MLC-14 is rejected because it was obtained from acid
volcanics, MLC-8-13-16 and 19 do not influence the scale
because they are not precise enough (fission-track counting).
In fact they have fully used less than 23 items. In the dis-
cussion they ‘effectively eliminate .... the Skiddaw and Shap
granites, MLC 23-24, as useful points in the construction of

. their ... scale’. They also nearly eliminate MLC-21-22
{Rb-Sr ages on acid volcanics) in order to be able to use MLC
25 to which they give a very high weight; they thus virtually
eliminate four items just to be able to use this age of the
Katahdin batholith. As a result, 19 items are considered for a
time span of about 150 Ma. Compared to the 45 items used
by Forster & Warrington (this volume}) for the nearly similar
duration of the late Palaeozoic and Triassic the work of
elaborating an early Palaeozoic time-scale is not so easy.
Moreover, although anatytically precise, the item MLC-7
from the Bay of Island is for an intrusion located somewhere
in the Arenig, Llanvirn or Llandeilo series, while the four
items MLC-2-3-5 and 6 are not precisely located in the
stratigraphic sequence. The author therefore fully agrees with
McKerrow et al. on the important point that, unfortunately, a
deftnitive time-scale cannot yet be obtained from the presently
available data for the early Palaeozoic times, including the
Devonian.

Given this preliminary point of agreement., the author
would like to propose to the reader some points of discussion.

The number of items selected is a guestion of personal
judgement. Jones et al. in 1981, quoted nearly 50 items of
different usefulness to elaborate their ‘Silurian and Early
Devonian geochronology’. Their final estimates were not very
different from those recommended in ‘Numerical Dating in
Stratigraphy’, written nearly at the same time, and discussing
nearly 50 dates from the basal Tremadoc to the top Devonian
{sce Gale 1982a, p. 477; Odin & Gale 1982, p. 492; and
relevant items). Those items, taken from this work. will be
quoted below under the form NDS-000.

in the present volume, Gale quotes 32 items to elaborate
the Tremadoc to Devonian portion of the time-scale,
excluding only the 4 items MLC-8-13-16 and 19 based on
fission track-counting; this is one-third more than McKerrow
ef al.

The author agrees with McKerrow ef af. that all these

points are not of similar reliability. However, the author
suggests that some data, complementary to their limited list,
would have helped in choosing numbers without increasing
the complexity of the picture. The most interesting of these
are;
1. Data from volcanics from top Cambrian-base Tremadoc
dated 491 + 14 Ma (see Vidal & Charlot 1982, NDS 130) in
Bohemia.
2. Data from the Rhobell volcanics published before
those quoted here and arnalytically more representative:
475 £ 12 Ma (see Rundle et af. 1982, NDS 122).
3. Data from the probably mid-Caradoc Tyrone and Carters
limestones from USA obtained in several laboratories at
different times including very recently (see Kunk et al., this
volume) but not available to the authors at the time of
writing.
4, Data from the paper by Richards & Singleton {1981).
These are from numerous Devonian rocks including mid
Devonian and Famennian plutonics for which no data are
shown in the Fig. 1 of McKerrow et al. (summarized data by
Richards, 1982, NDS 233 to 235); several apparent ages,
mean at 381 *+ 4 Ma, are available there for mid-Devonian
formations and numerous other data around 360 Ma, with a
low analytical uncertainty, for Famennian plutonics.
5. Data from the post Givetian Hoy lavas by Halliday ez ai.
(1982, NDS 244) which conclude to an age of 379 £ 10 Ma
for at least part of the Givetian sequence.
6. Data from the basal Carboniferous sequence from France
abstracted by Charlot & Vidal {1982, NDS 133} and Peucat &
Charlot (1982, NDS 229) which are also discussed in the
author’s comment of the time-scale of the Carboniferous to
Triassic times by Forster & Warrington (this volume).
Quoting these last three groups of data would have lead
McKerrow et al. to avoid their remark about the very low
number of data for the late Devonian times. Indeed,
McKerrow et al. have possibly rejected these six groups of
results with good reasons; however, given the low number of
remaining calibration points, a better view of the state of the
art would have been obtained in reviewing more data even to
show why they were not to be used. This would have
resulted in a more informative synthesis and possibly lead to
slightly different conclusions.

Discussion on the aims of time-scale calibration

McKerrow er al. have considered some criteria independent
of the radiometric data to evaluate their boundary ages. This
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needs a comment. If geochronologists try to buiid a numerical
time-scale, it is, mostly, because they hope that this con-
siderable work will have some usefulness to the other
geologists. The author’s opinion is that the systematic use of
hypotheses of extrapolation remove most of the interest of
the exercise.

Excluding the simple interest of knowing the numerical age
of the units defined by the stratigraphers which, in itself, is
gratuitous, the usefulness of a numerized stratigraphical time-
scale has two aspects. The first one is the possibility of
establishing the contemporaneity of plutonic events with
regard to the stratigraphical sequence and. therefore, to be
able to have a good picture of the general Earth history. This
possibility will not be attained if the ages proposed use
uncertain extrapolation systems or if the uncertainties linked
with these extrapolation systems -— which are very large —
are not fully estimated and considered. The second one is the
possibility of using the numerical time-scale 10 estimate the
rate (or duration) of geological events: tectonic, biologic or
sedimentologic. The use of hypothetic extrapolation systems:
biozone duration, sediment thickness. oceanic spreading rate.
to deduce the age of different points of the stratigraphic
sequence take out half of the interest of the resulting
estimates and sometimes lead to circular arguments.

It seems to be better founded, even if the result is still
incomplete, to consider first the calibration of the time-scale
without using extrapolation systems. When extrapolations are
used, the resulting estimates must be distinctly considered
and, if possible, differently written. The author has chosen to
show in parentheses the extrapolated numbers and to
recommend intervals of time for boundary estimates obtained
from geochronological results. The next comments will just
consider geochronological results.

Discussion on the age proposed for the
Ordovician to Devonian stratigraphic boundaries

Base of the Tremadoc

McKerrow ef ol propose for the Cambrian—COrdovician
boundary the number of 513 Ma in their Table 1, and the
figure of 513 + 10 Ma in the summary; eisewhere, they note
that it could be at 508 + 5 Ma (if the basal Cambhrian is about
530 Ma old as was suggested in Odin er al. (1983}); they finally
remark that it ‘could lie anywhere between 495 and 523 Ma'.

The author must emphasize the very low prohability of the
highest number proposed for the top Cambrian because. in
this case, the base and the top of the system would in the
author’s view nearly coincide. Since the first modern data
obtained in Morocco by Ducrot & Lancelot {1977) the data
are accumulating each year for an age near 530 Ma for
somewhere in the Tommotian (basal Cambrian stage). The
author’s discussion with Gate & Doré (this volume) gathers
the most recent evidence in this, including a new series of
results by Peucat, previously not considered, and rejects the
probability of an age older than 540 Ma. On the other hand,
according to the new geological data obtained from the
Wrekin area (Ercall granophyre intrusive in the quartzite and
not covered by them as previously accepted: Beckinsale (1983))
the young age of 520 Ma, for the base of the Cambrian,
presently seems too young,

The results from the late Cambrian in Bohemia, quoted
above (NDS 130}, are probably insufficient alone to define

the age of the Cambrian—Ordovician boundary (Ph. Vidal
himself has now collected new volcanic rocks from Boheniia
to try to obtain more data) but it is compatible with a basal
Cambrian at around 530 Ma and the few other available
results except item MLC-1 discussed and rejected below. The
interval of time 490—505 Ma here preferred {Gale 1982} does
not conflict with the 495-523 interval of McKerrow and
appears to the author to include the highest probability for
location of the Cambrian—Ordovician boundary.

Base of the Arenig

The evaluation of the age of the base of the Arenig se-ies
cannot be precise. Items MLC-2 and 3 are only maximum
ages; the lower Arenig sequence is younger than 498 £ 7 Ma
and 490 £ 14 Ma; the author would settle for younger than
‘about 495, The author disagrees with McKerrow ef al. who
consider their item MLC 1 as "one of the most significant new
dates’. The Rhobell volcanic rocks are certainly strati-
graphically favourable: just af the boundary. more or less one
biozone. Unfortunately, the analytical results accepted in
MLC-1 are analytically questionable. ‘Gale (this volume)
recalculated an age of 508 = 17 Ma, instead of 508 + 11, due
to the scattering of the five potassium and argon analyses
obtained from a single hornblende separated in Cambridge
(Kokelaar er af. 1982). Beckinsale & Rundie (1980, results
summarized in NDS 122 by Rundle et al} suggested a
minimum age of 475 + 12 Ma according to five hornblendes
from similar meta-basalts of the same formation which have
admittedly suffered possible argon loss. The large scattering
of the results does not allow one to give full confidence to the
apparent ages obtained from this formation. In such a
situation, it is usual to choose the maximum age obtained
(justified by geochemical uncertainties). This leads one to
choose the result obtained in the Cambridge laboratory.
However, it is appropriate to remember the tendency of this
laboratory to produce dates on the high side, as shown in the
past (see examples in NDS 18; NDS 165 to 169; de Souza
1982; Patchett er o/, 1980. p. 653). These interlaboratory
direct or indirect comparisons show that K-Ar ages from
Cambridge tends to be high compared with results from
Berne. Strasbourg, East Kilbride or Leeds. although natural
excess argon cannot be rejected in all the apparent ages here
questioned. For analytical and geochemical reasons the actual
Rhobell volcanic radiometric age remains to be measured
more precisely. New results obtained using another dating
method would be very interesting.

The author agrees with McKerrow er al. that a key point
was obtained from the probably -Arenig rocks from the
Ballantrae area (MLC-4 and NDS 134 by Bluck et af. (1982}}).

From the above data and other less constraining results
(NDS 125-131-132), the author considers it necessary to
modify the time interval favoured in 1982 (470 to 485) to the
one of 475—495 Ma, which both considers the new results and
underlines a somewhat larger absclute uncertainty.

Llanvirn boundaries

There is no new data nor definitive ages to precisely locate
the base of the Llanvirn series. The new estimate of
McKerrow er al,, younger than in 1980, is equivalent to the
time interval 460—480 Ma suggested in 1982 by Gale, which
may remain unchanged. For the top, the number {455} was
suggested in 1982 without the possibility of estimating the
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uncertainty. The item MLC-10 seems to confirm this number.
However, partly due to nearly similar ages obtained from
rocks located somewhere in the top Llandeilo to mid Caradoc
(MLC-11 and 12) and the author’s discussion of the
Llandeilo—Caradoc boundary (this volume p. 45), the
author recommends the location of the age of the
Llanvirn—Llandeilo boundary hetween 450 and 470 Ma with
a preferred number of 460.

Base of the Caradoc

The author has discussed this prohlem in detail in this volume
(p. 44—5). The interval of time 442—458 Ma with a preferred
number of 450 seems more approprigte compared to the
estimate of 433—443 proposed in 1982 due to the availability
of new results.

Base of the Ashgill

There is only one result in the literature obtained from an
Ashgillian formation: McKerrow et al. quote its apparent age
as 421 + 3 Ma (MLC-14) although the original authors
recommended 421 + 5 Ma (Gale ef a/. 1979; and Gale, this
volume). Concerning this item, KcKerrow ef al. write that ‘It
is hy rejection of this data that the present (MLC) scale
differs considerahly from the Ordovician and Silurian
portions of Odin’s scale’. This point, more moderately
repeated later in the same discussion needs comments.

First, it is probahly a good place here to remember that,
although the author agreed to take the responsibility of the
scale shown in the author’s book, this scale was elaborated in
common with several specialists, to whom the author is very
indebted and of whom Noéi Gale was not the least active,
being the author of the Ordovician—Silurian portions of
the time-scale. Since that time, Gale has proposed not
to weight too heavily the quoted item (Gale & Beckinsale
1983): we should take into account first, the last opinion
written by this author.

Second, a rapid examination of the scale proposed by Gale
{1982) for the ‘Ordovician and Silurian’ times shows it to be
based on more than one date; two for the Silurian and 18
others for the Ordovician. Consequently, it is not correct 1o
note that the whole ‘Ordovician and Silurian portions’ of the
scale depend on one date though clearly located at a key
point.

From this datum (NDS 243 = MLC-14) compared with the
less constraining age of the Arisaig volcanics (NDS 239) and
the well documented age of the late Caradoc Eskdale granite
(429 + 8 Ma: NDS 189 by Rundle 1982} the interval of time
of 425 + 8 Ma was published in 1982. Locking at the
somewhat diverging figures presently available. the author
thinks it more prudent not to try to formalize the extreme
possible ages of this boundary, which could be very far from
each other. The author suggests a rounded number of 435 Ma
even though this age fully disagrees both with the apparent
ages proposed in the abstracts NDS 189, being too old by five
Ma, and with the apparent ages of the Silurian of Alaska
(MLC-15 = NDS 128 at 431 + 6 Ma increased at 436 £ 5 by
Kunk et al. in this volume), being too young by at least five
Ma. This uncomfortable situation remains to be improved by
future researches.

Base of the Silurian

The compromise proposed in Gale er al. (1980) for the

Ordovician—Silurian boundary around 425 Ma seems to
be an interesting possibility which tries to reject as few of the
available results as possible. It seems, however, too young by
possibly 10 Ma looking at the age of the Alaskan hornblendes
revised by Kunk et al. (this volume). Also Wyborn (pers.
comm. 1983 and Wyborn et al. 1982} considers that the basal
Silurian must be older than 425 Ma due to the nearly similar
apparent age of the Austraitan Laidlaw volcanics of Ludlow
age.

These acid volcanics from Australia, give apparent ages at
419 + 3.8 Ma (two biotite K-Ar ages), 421.1 £ 2.6 Ma {five
biotite Rb-Sr ages) and 424.5 + 15.6 Ma (a 14 points whole-
rock Rb-Sr isochron age, the large + of which indicates a
certain inhomogeneity in these ignimbrite flows), but also
408.9 + 7.2 Ma (three sanidine K-Ar ages). In these effusive
rocks, the sanidines give apparent ages considered by the
authors to reflect alteration, although their potassium
contents are usual (9.8—10.2% K), compared to the biotite
apparent ages. considered correct in spite of a clear alter-
ation; potassium content of 6.5 and 5.9% K. The situation
is usually the reverse with biotite more rejuvenated than
sanidine (Baadsgaard & Lerbekmo 1982). The minimum
age of about 421 Ma is accepted by Wyborn et al. as the age
of these early Ludlow volcanics. The ahove quoted Ashgill
Stockdale rhyolite age of 421 + 5 Ma was discussed by
Compston et al. (1982) who suggested another possible
interpretation of the data Jeading to ‘an estimate of
430 = 7 Ma for the age of extrusion’. They consider this age
as a minimum but it does not conflict with an estimate at
about 425 Ma for the Ordovician—Silurian boundary. The
Alaskan data would suggest an older age, as quoted above
while the results obtained from the late Llandovery Quoddy
formation of USA (NDS 238, apparent age: 408 & 8 Ma) and
the late Ordovician Arisaig volcanics of USA (NDS 239,
apparent age at 408 *+ 12 Ma) seem to deviate in the other
way.

The present data suggest therefore that the Ordovician—
Silurian boundary may be around a number such as 425 Ma
but could equally well be around 435 Ma or 420 Ma, These
numbers are suggested while waiting for the results of new
researches which are now being undertaken, under the aegis
of the 1GCP Project 196, on late Ordovician and Silurian
bentonites from several basins. Because of these new
researches, and the low number of precise radiometric data
(Gale & Beckinsale 1983} available from inside the Silurian
system, the author thinks that it is too early to propose
estimates for the age boundaries of the stratigraphical units in
this system:.

The Silurian—Devonian boundary

The Silurian—Devonian boundary was located between 410
and 395 Ma in the author’s book with a preference for the
number 400 Ma; McKerrow er al. propose the more precise
interval of time 407—417 Ma, slightly older as a whole, with a
preference at 412 Ma. The author’s opinion is that stronger
arguments are available for a boundary near 40 Ma parti-
cularly after looking at several new items quoted by the
authors colleagues. The Fig. 1, of McKerrow et al., clearly
shows that most of the present results are located on the
young side of their line, except MLC-25, which they prefer to
four or five others (see above: selection of reliable calibration
points). The results which could lead one to prefer the date of
400 Ma, over 412, are as follows:
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1. The Lorne lavas from Scotland (MLC-22} gave an age of
400 * 4 Ma for a Gedinnian tformation just above the
Silurian—Devonian boundary.

2. The Wormit Bay lavas from Scotland (MLC-21} gave an
age of 408 = 5 Ma for a formation located within the Ludiow
or Pridoli series.

3. Concerning the post-Wenlock—pre-Siegenian Gocup
granite from Australia, the authors (MLC-20) quote the K-Ar
age of 409 * 3 Ma but not the Rb-Sr age of 402 + 3 Ma for
similar rocks (see NDS 210). It i1s correct, however. to note
that Richards ef al. (1977) stress that the age of 409 + 3 Ma
was for the Pridoli or Gedinnian times ‘most probably to the
end of the latter’; consequently these results could agree with
both numbers 400 or 412,

4. McKerrow ef af. do not quote the new dates by Gale on
the early Gedinnian {although possibly slightly vounger)
Pembroke formation from the USA (see NDS 237
397 £ 7 Ma). The correlative Eastport formation from USA
gave a confirmzatory result of 401 + 12 Ma (NDS 222, by
Fullagar 1982}, These formations. or equivalent ones, are
intruded by plutonics dated at 390—405 Ma (NDS 236) in
New Brunswick, Canada, and Maine, USA. These last dates
do rot fully eliminate the possibility of an age as old as
412 Ma for the earliest Devonian: but the previous ones
suggest a younger age.

5. The possibly Gedinnian Shap granite {(MLC-24 see also
abstract NDS 241 by Wadge er of. 1982) and Skiddaw granite
{MLC-23, see also abstract NDS 192 by Rundle 1982) from
N. England gave ages of 394 and 399 + 9 Ma respectively.
These two results could reinforce a Silurian- Devonian
boundary at about 400 Ma although the author agrees that
the stratigraphical constraints are large. i.e. early Gedinnian
or younger and that we cannot reject an age as old as 412 Ma.,
However, the rejection of these data because they do not fit
in the extrapolation system of McKerrow er al, is a circular
argument.

6. Finally, the new results from the late Llandovery Quoddy
formation at 408 + 8 Ma (see NDS 238 by Gale 1982. which
refines previous results at 408 = 40 Ma: NDS 220, by
Fullagar [982) lead the author also to think that the
Silurian—Devonian boundary cannot be as old as 417 Ma, the
maximum age proposed by McKerrow ef @/. This conclusion
is common to many of the items quoted above.

On the other hand, there are three radiometric studies
which could agree with a Silurian—Devonian boundary
clearly older than 4{(X} Ma.

1. The first concerns the admittedly post-Siegenian Katahdin
batholith quoted by the McKerrow er al. (MLLC-25). The Pb-Pb
age of 414 £ 8 Ma and the U-Pb ages of 398 and 395 Ma are
quoted but the Pb-Pb age is recommended. This date, from well
above the boundary, suggests an age older than 406 Ma, the
minimum analytical apparent age recommended, for the
Silurian—Devonian boundary. The same batholith was
considered by Fullagar (NDS 225) and Armstrong (1978, his
item 448). A significantly younger Rb-Sr whole-rock apparent
age of 387 + 16 Ma was obtained, and could have been
usefully quoted by McKerrow er al.

2. The bentonite of the Elton formation {early Ludlow,
from England. MLC-18) was dated at 419 + 7 Ma (two
biotite K-Ar ages). Further confirmatory results are proposed
in this volume by Kunk er al. which obtained a 40/39 Ar
plateau age of 423.7 + 1.7 Ma (the analytical precision
quoted must be increased, by about one percent, to take into
account the calibration process). This age. analytically a

minimum at about 418 Ma, supports a Siturian—Devonian
boundary older than 400 Ma.

3. The Laidlaw volcanics of similar stratigraphic age lead
Wyborn et al. 1982 {see above) to accept an age of 421 Ma or
more for the Ludlow.

As a whole, these results suggest that the Silurian—
Devonian boundary could lie at about 410 Ma but that the
age of 400 Ma or possibly less is alse well supported in several
areas. An age as old as 417 Ma, the maximum age accepted
by McKerrow et al. would reject manv data and is considered
improbable here. The author therefore proposes to leave
unchanged the interval of time 395-410 Ma published in
1982. It is the authors great hope that further studies now
undertaken on Ludlow bentonites from Great Britain will
contribute to the solution of the remaining uncertainties
emphasized above.

Devonian boundaries

Some dates not guoted in McKerrow er af. have already
been discussed. Looking at the rather similar estimates
proposed in this work and the one previousty proposed in the
author’s own book, {see Fig. 1). it is not necessary to
comment any further detail here.

However, two general remarks may be made. Due te the
use of their system of extrapolation McKerrow er al. are able
to propose ages for stage boundaries inside subsystems. The
author considers this exercise unadvisable in absence of
sufficient radiometric data.

The accepted age of 354 Ma, for the top Devonian does not
consider some analytical results obtained in the Armoricain
Massif and elsewhere, which could support this number; it
appears too precise, although possible, and more probable
than the age of 365 Ma proposed by Forster & Warrington.
{See the relevant comment in this volume p. 116).

Conclusions

The author would like to propose some remarks and
emphasize points of agreement with McKerrow et al. to
conclude this review.

It is useful to recognize the radiometrically undocumented
boundaries in order to encourage laboratories and strati-
graphers to search for new information. Until such infor-
mation is available age estimates should be clearly indicated
as open.

The error bar quoted in many studies concerns the
analytical reproducibility which can be very good and less
than one percent with the most sophisticated systems of
measurement. However, the time-scale calibration needs to
compare results from different laboratories and different
methods of analysis. The experience shows that the
measurement system calibration can hardly be better than *
one percent simply because the interlaboratory reference
materials themselves are not known at better than this
precision and, furthermore are often not even homogeneous
enough (see Odin 1982, and the remarks concerning the
standard hornblende MM Hb in the paper by Kunk et al., in
this volume). These presently incompressible uncertainties
must be added to the analytical precision when comparing
different single laboratory age estimates. The result is that an
age of about 400 Ma cannot be known better than + 4 Ma.
The rectangles used in a figure such as the figure proposed by
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Numerical time-scale of the Palaeozeic. The scale at the right is recommended. Boundaries are suggested in an interval of time defined

according to radiometric dates alone; for the boundaries presently not documented, numbers are suggested in parentheses; the actual tool useful

for geological application is proposed in italics: right hand numbers.

McKerrow et al. must therefore be increased in some cases so
giving a higher degree of freedom when drawing the
suggested line (for exampie MLC-12, 14, 17, 20, 27).

It is essential not to weight too heavily one date, when
several others indicate contradictory results, even if the single
date appears nearly perfect in the present state of the
knowledge.

Other points of agreement include; the short duration of
the Silurian times about 25 Ma, or less, and the probability of
a short duration for the Cambrian times, much shorter than
thought before.

Several series {and even system) boundary age estimates
can hardly be considered today as definitive because they are
very insufficiently documented.

There is, consequently, a large area of research still open
for coordinated studies of stratigraphy and geochronology.

Although often taken as a somewhat secondary aspect of
geochronological research, the dating of stratigraphically well
known formations must become a major goal of research if
the geologists actually want to obtain a correct scale for the
geological events that they observe.

AckNowLEDGEMENTS: | am grateful to Norman Snelling who
was kind enough to improve my English.

Reply by McKerrow, Lambert and Cocks

It is clear that more exact data are still needed to produce a
time-scale which will be reliable enough to discuss detailed
rates of geological and biological processes during the
Ordovician, Silurian and Devonian periods.
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There has already been considerable published discussion
on many of the points raised by Professor Odin (Gale et al.
1980; McKerrow er al. 1980; Williams er al. 1982; Gale &
Beckinsale 1983; Odin et al. 1983), and we have little to add
now. Several of Professor Odin’s criticisms refer to data
which we used in our 1980 paper, and which we have now
rejected either on stratigraphical or chemical grounds, We
see 1o great point in cluttering up our present discussion with
such data.

We do not claim to have produced more than an interim
time-scale based on the data available at present. The new
work that has been done since our 1980 paper was published
illustrates the merits of an interim time-scale; workers can see
where the gaps are, and try to fill them. We are certain that,
with the continued interest in these problems, more data will
be forthcoming.
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Geochronology of the Carboniferous, Permian and Triassic

S. C. Forster and G. Warrington

SUMMARY: Criteria concerning sample and analytical data and stratigraphic control have been
used in a critical assessment of the suitability, for use in construction of a Phanerozoic time-scale, of
radiometric data relevant to the Carboniferous, Permian and Triassic periods. Few of the age
determinations available in 1982 satisfy these criteria and many of those used previously as a basis for
time-scales for this part of the Phanerozoic are considered unacceptable by present standards. On the
basis of this review, ages of 365 = 5 Ma, 290 = 5 Ma and 250 + 5 Ma, respectively, are proposed for
the beginning of the Carboniferous, Permian and Triassic periods, and 205 + 5 Ma for the end of the
Triassic. Radiometric ages are related, where possible, to the principal chronostratigraphic divisions

of the rock successions representing those periods.

A prerequisite for the establishment of a reliable geochrono-
logical time-scale for any part of the Phanerozoic is the
availability of accurate radiometric age data from rocks
whose stratigraphical position is clearly defined and whose
ages have not been re-set by subsequent events.

The suitability of the available sets of data for use in the
construction of a radiometric time-scale for the Carboni-
ferous, Permian and Triassic periods has been assessed by
application of the following criteria:

1. The stratigraphic position of the dated rocks or minerals
must be known. ldeally, samples for radiometric dating
should be from extrusive igneous rocks intercalated with
fossiliferous sediments which are precisely dated by in-
dependent biostratigraphic means. Such rocks are, however,
often altered and may have suffered partial loss of radiogenic
daughter products. Intrusive igneous rocks, as well as
reworked volcanics, metamorphic rocks and most detrital
sediments, give only maximum or minimum ages but tend to
yield more reliable radiometric data because they are more
likely to have formed stable, closed isotopic systems.

2. The radioisotopic duta should be as precise and un-
ambiguous as possible. Ages should be derived from com-
pletely undisturbed systems and be confirmed by isochron
techniques or by a number of separate conventional K-Ar,
Rb-Sr or fission track determinations. If the chemistry of the
rock allows, several different dating methods should be used
on rocks and minerals from the same geological environment.
The data should be internally consistent and should not be in
conflict with the known geological sequence.

3. Complete analytical derails should be published. It is
important that the quality of any results can be assessed
independently and that the original data can, if necessary, be
recalculated using new techniques or regressions. Details of
the decay constants used and the manner in which the errors
have been assessed are essential.

4. The petrography of samples used for whole-rock deter-
minations should be described so that the suitability of the
samples can be independently assessed. In the case of
determinations from minerals, only those from species
normally regarded as reliable age indicators (Dalrymple &
Lanphere 1969; Faure 1977) should be used,

A large number of age determinations on rocks of
Carboniferous to Triassic age have been published. In this
review, the radiometric data available in nearly 500 separate
articles have been examined by the senior author
(S. C. Forster) and, following application of the above
criteria, only 45 dated items (Fig. 1) have been accepted from
this voluminous literature as suitable for time-scale purposes.

The majority of the published ages have been discarded
because of lack of analytical information or lack of strati-
graphical constraint, or because of the obviously discrepant
nature of the data presented. Single, unconfirmed, con-
ventional age determinations have frequently been used to
provide key marker points on a radiometric time-scale; such
data are useful in terms of geochronological reconnaissance
but cannot, until confirmed by further research, be used to
define points on a time-scale. Much of the data used in the
1964 Geological Society Phanerozoic Time-scale {Harland et
al. 1964) fails to meet the criteria applied here and is, by
modern standards, inaccurate, imprecise and internally
inconsistent. Its continued inclusion in reviews such as that by
Armstrong (1978) is unjustified and misleading. Many of
these dates have been superceded or refined by modern
techniques and, rather than continuing to discuss such data,
attention is directed here to newer, well-correlated radio-
metric data which satisfy as many of the above criteria as
possible, and to the identification, for future work, of parts of
the time-scale where similar reliable data  are currently
lacking.

Lambert, reviewing the Phanerozoic Time-scale in 1971,
commented that the radiometric chronology of Carboniferous
rocks was better known than that of any other pre-Tertiary
period. However, for substantial parts of the Carboniferous,
and also of the Permian and Triassic periods, there are no
reliable radiometric marker points. Where good radiometric
data are available, the stratigraphic constraints are often too
wide to make the dates significant, and in other instances the
experimental error on dated rocks which are stratigraphically
well-localized may be wide and preclude dating of many of
the stage boundaries within each system.

The ages quoted in this paper have been recalculated
where necessary using the standard decay constants recom-
mended by the 1UGS Subcommission on Geochronology
(Steiger & Jiger 1977). In general, this has resulted in a
better correspondence between the ages obtained by different
dating methods and has resolved some of the difficulties
encountered in previous reviews of Carboniferous to Triassic
geochronology in which various ages were reported and often
alternative time-scales erected depending on which decay’
constant was used for ®Rb (see, for example, Banks 1973 and
Waterhouse 1978).

It is important to compare all analytical results at the same,
2 sigma, level of precision and, wherever possible, the ages
quoted here show the error at that level (95% confidence
limits). Exceptions have been made where no errors were
quoted in the original publication or where no details were
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given of the way in which the experimental error was cal-
culated. Since data in these categories should probably be
excluded from consideration by strict application of the
criteria listed above, less significance is attached, in the
following discussion, to ages from such sources. The MSWD
is quoted, where available, for all Rb-Sr isochron ages; it is
not available for some of the older published isochrons. The
commonest and most important source of uncertainty asso-
ciated with many of the available data is, however, geological
and is unquantifiable in terms of a precise error. The effects
of analytical uncertainties are commonly less important than
the accurate interpretation of the geological event that is
recorded in each individual situation.

The Carboniferous

The age data used here for the Carboniferous period are
largely from the British Isles and the stratigraphic definitions
and nomenclature used follow those proposed by George et
al. (1976} for the Lower Carboniferous (Dinantian sub-
system) and by Ramsbottom er a/. (1978) for the Upper
Carboniferous (Silesian subsystem).

The Devonian—Carboniferous boundary

Radiometric data are available from rocks above and below
the Devonian—Carboniferous boundary in Scotland and
Australia but the stratigraphic relationships in the two areas
are not easily reconciled with the reported age data. Since the
age proposed herein for the boundary is slightly older than
that advocated by McKerrow et al. (1980 and this volume},
Gale ef al. {1980) and Odin & Gale (1982), the radiometric
and stratigraphic evidence will be considered in some detail.
In our view, the value of McKerrow ef al’'s (1980 and this
volume) and Gale er al’s (1980) correlation lines for the

Fic. 1. Carboniferous —Triassic time-scale. Age data used in Fig. t.

Lower Palaeozoic is debatable, particularly when extra-
polated to the Devonian—Carboniferous boundary, because
their technique, which involves plotting apparent relative
stage lengths against the radiometric data, allows a number of
alternative correlation lines to be derived from the same data.
The age proposed in this contribution is based on a direct
assessment of the radiometric data and the stratigraphic con-
straints on those data.

In both the Scottish Borders and south-east Australia the
biostratigraphic boundary between the Devonian and Car-
boniferous is placed within unfossiliferous red-bed sequences.

A good marker point for the Upper Devonian is provided
by the Hoy lavas of Orkney (Item 1) which have been dated
by Halliday et al. (1977, 1979) using the **Ar/**Ar method.
The lavas rest unconformably on folded and faulted Middle
Old Red Sandstone sediments which, in the Orcadian Basin,
range up to Givetian in age; they are overlain by the Hoy
Sandstone which is of probable Upper Old Red Sandstone
age. Halliday e al. (op. cit.) suggested an age of approxi-
mately 368 Ma for the Givetian—Frasnian boundary, this
being the average value obtained from two *Ar/*Ar stepwise
degassing analyses. However, one of these shows evidence of
some disturbance of the argon isotopes and only data from
the Hellia basalt, which gave a “’Ar/*’Ar plateau age of
375 £ 8 Ma, are considered acceptable. This should be
regarded as a minimum age for the basalt since both analyses
showed evidence of slight argon loss.

The Cerberean Cauldron Volcanics (Item 2) of central
Victoria, Australia, have frequently been used to provide
data close to the Devonian—Carboniferous boundary
(McDougall et al. 1966). Recent work by Richards &
Singleton (1981) and Williams e al. (1982) has resulted in a
refinement of the age reported by McDougall et al. (1966),
and in a revision of the biostratigraphical position of the
dated horizon. Richards & Singleton (1981) refined some of
the earlier K-Ar determinations on the biotite rhyodacite

(1) Hoy lavas, Orkney. Hellia basalt, **Ar/*Ar plateau age of 375 + 8 Ma. {2) Cerberean Cauldron Voicanics. Biotite rhyodacite, K-Ar average
ages of 367 + 1,369 + 6 and 365.6 + 4.8 Ma; Rb-Sr mean age of 367.1 £ 2.3 Ma. (3} Birrenswark and Kelso lavas, Scottish Borders. Average
K-Ar age of 36F + 7 Ma. {4) Garleton Hills lavas, East Lothian. Average K-Ar age of 353 £ 7 Ma, {5) Upper Clyde Plateau lavas,Strathaven.
Average K-Ar age of 327 + 7 Ma, (6) Machrihanish lavas, Kintyre. Average K-Ar age of 320 + 8 Ma, (7} East Fife Sill Complex. AverageK-Ar
age of 310 £ 12 Ma, (8) Passage Group lavas, Ayrshire. Average K-Ar age of 305 = 6 Ma. (9) Ruhr tonstein. Average K-Ar age of 304 + 6Ma.
{10} Midland Valley Sili Complex, Scotland. Average K-Ar age of 303 £ 5 Ma. (11) Whin Sill, northern England. Average K-Ar age of 301 5
Ma. (12) Brittany granites. Average K-Ar age of 302 + 6 Ma (biotite}. {13} Bulgonunna Volcanics, Australia. Rb-8r isochron age of 297 £ 12
Ma. (14) Bulgonunna granites, Australia. Rb-Sr isochron age of 296 % 3 Ma; K-Ar average mineral age of 28% + 1 Ma. (15)Mauchline
Volcanics, Ayrshire. Average K-Ar age of 286 + 7 Ma. (16) Great Serpentine Belt, New South Wales. *Ar/*Ar total fusion ages of 279 + 12
and 286 £ 12 Ma. (17) Lizzie Creek Volcanics, Australia. Average K-Ar age of 275 * 6 Ma. (18) Lizzie Creek granites, Australia. Average
K-Ar age of 270 + 2 Ma, (19) Nordagutu granite, Oslo Rift. Rb-Sr isochron age of 278 + 7 Ma. (20} Oslo Suite plutons, Rb-Sr isochrons of

270 = 7 and 270 £ 1.7 Ma. (21} Quillabamba granite, South America. U-Pb age of 257 + 3 Ma. {22) Sydney Basin latites, Australia. Average
K-Arage of 253+ 5 Ma. {23) Marlborough gabbros and diorites, Australia. Average K-Ar age of 250 £ 5 Ma. {24) South-east Queensland granites.
Average K-Ar ages of 244 + 5 Ma (hornblende) and 249 + 5 Ma (biotite). (23) Granodiorite/adamellite, Marlborough. Australia. Average K-Ar
ages of 242 + 5 Ma (hornblende) and 240 + 5 Ma (biotite}. (26} Coasa granite, South America. U-Pb age of 238 + 11 Ma. (27) Neara Volcanics,
Australia. Average K-Ar age of 240 + 5 Ma. (28) Puesto Viejo Formation, Argentina. Mean K-Ar age of 237 + 4 Ma. {29) Goomboorian
diorite, Australia. Average K-Ar age of 236 £ 7 Ma. (30) Grenzbitumenzone bentonites, Switzerland. High sanidine: average K-Ar age of 232 £
9 Ma, *Ar/*Ar plateau age of 232 + 8 Ma, High sanidine + overgrowth: average K-Ar age of 235 + 6 Ma, ®Ar/*Ar plateau age of 237 + 7
Ma. (31) Monzoni intrusive complex, 1taly. Average K-Ar age of 231 £ 8 Ma, (32) Sugars basalt, Australia. Average K-Ar age of 230 + 7Ma.
(33) Val Serrata tuff, Switzerland. Mean K-Ar age of 225 + 4 Ma (sanidine}. (34) Maryborough Basin granites. Australia. Rb-Sr isochron age of
226 + 16 Ma; average K-Ar age of 222 + 2.5 Ma. (35) Indonesian tin granites. Average K-Ar mineral age of 219 + 4 Ma. Average Rb-Sr ageof
210 £ 7 Ma. (36) Kulim granite. Malaysia. Rb-Sr isochron age of 207 + 17 Ma. (37) Guichon Creek batholith, British Columbia. Average K-Ar
age of 204 + 5 Ma; Rb-Sr isochron age of 203 £ 20 Ma. (38) Palisades Sill, New Jersey. “'Ar/**Ar plateau age of 196 = 9 Ma. {39} Mt. Carmel
Sill, Newark Basin, USA “*Ar/*"Ar plateau age of 195 + 4.2 Ma, argon isochron age of 195 = 11 Ma. (40) Liberian dykes, West Africa.
*Ar/*Ar platean age of 191 + 6 Ma, argon isochron age of 196 * 8 Ma (plagioclase); *Ar/**Ar plateau age of 188 + § Ma., argon isochron age
of 190 % 5 Ma (whole rock}. (41) Freetown Igneous Complex, Sierra Leone. Rb-Sr isochron age of 193 + 3 Ma. {42) Initial Karroo volcanism
(Pronksberg andesite). K-Ar isochron age of 193 + 3 Ma. (43) Bowser Basin volcanics, British Columbia. Rb-Sr isochron ages of 191 *+ 18and
189 + 26 Ma. {44} Toodoggone Volcanics, British Columbia. Rb-Sr isochron age of 185 £ 10 Ma. (45) Hazleton Group Volcanics, British
Columbia. Rb-Sr isochron age of 185 + 6 Ma.
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which occurs at the top of the > 900 m thick sequence of
felsic lavas comprising the Cerberean Volcanics; partial re-
analysis of the biotite sampled by McDougall e af. (1966)
gave a mean K-Ar age of 367 £ 1 Ma, close to the K-Ar
average age of 369 = 6 Ma and the Rb-Sr biotite ages of
358 £ 7 Ma and 365 = 7 Ma obtained by those workers.
Analyses of the same biotite by Williams ef al. {1982) have
given a mean K-Ar age of 365.6 = 4.8 Ma and a Rb-Sr mean
age of 367.1 £ 2.3 Ma. The dated rhyodacite horizon overlies
sediments which contain Bothriolepis and Phyllolepis, a fish
fauna of Frasnian (late Devonian} age {(Marsden 1976;
Richards 1978}. Long (1982} has suggested that this is the
oldest of a number of Frasnian assemblages known from
Victoria and is possibly of early Frasnian age.

The volcanics of the Cerberean Cauldron occupy only cone
of a number of cauldron subsidence areas in central Victoria
where extrusive volcanic activity was widespread and
voluminous during the late Devonian, and was followed by
the intrusion of numerous high-level plutons. Red-beds of the
late Devonian to early Carboniferous Mansfield Group were
deposited in a chain of fault-bounded basins along the eastern
margin of the area. Although many of the igneous rocks in
the area have been dated (Richards & Singleton 1981} those
of the Cerberean Cauldron still appear to have the best
stratigraphic correlation, since most of the other cauldrons of
similar radiometric age contain few fossiliferous sediments.

The late granites which cut the cauldron volcanics include
the Lysterfield granodiorite with an average K-Ar age of
364 + 7 Ma and many other granites with average K-Ar ages
of about 360 Ma. These ages are close to the Rb-Sr age of 365
Ma {muscovite; no errors quoted) from the Strathbogie
granite, which has an average K-Ar age of 362 + 4 Ma, and
to a Rb-Sr isochron age of 368 £ 3 Ma (MSWD = (.48} from
a granite in the Terricks Range which has an average K-Ar
age of 361 £ 3 Ma (Richards & Singleton 1981). The only
granite which appears to both intrude the volcanics and to be
demonstrably overlain by the red-beds of the Mansficld
Group 1s the Barjarg granite, thought to be one of the last to
be emplaced. It is the youngest pluton in the Tolmie Ignecus
Complex and occurs some 40 km north-east of the Cerberean
Cauldron {Marsden 1976). A Rb-Sr isochron age of
382 + 11 Ma was reported from this granite by McDougall et
al. (1966). Richards & Singleton (1981) reported a Rb-Sr
mineral isochron age of 366 * 21 Ma from the same samples;
weathered biotite gave a Rb-Sr age of 360 Ma. The Barjarg
granite is thought to have been exposed fairly rapidly and
before the deposition of the Mansfield Group. which overlies
Upper Devonian sediments and volcanics and contains an
early Carboniferous non-marine fauna and fora in its upper
part; the lower part of the group may be of late Devonian
age. However, it is thought that most of the post-orogenic
deposition followed the intrusion of the granites relatively
quickly (Marsden 1976). Richards & Singleton {1981} con-
cluded that the Frasnian is no younger than 367 £ 1 Ma, and
that the Devonian—Carboniferous boundary must be younger
than the 360 to 365 Ma ages obtained from the granites in
Victoria. Williams et al. (1982) reached a similar conclusion
but emphasized that the ages obtained from the Cerberean
Volcanics must be regarded as minima which set a lower limit
to the age of the early Frasnian, a view with which we concur.

In the Scottish Border region of Great Britain, the
Devonian—Carboniferous boundary occurs within the un-
fossiliferous red-bed sequence of the Old Red Sandstone.
The Birrenswark and Kelso lavas {Iltem 3}, with a minimum

K-Ar average age of 361 £ 7 Ma (De Souza, 1982), underlie’
rocks of Courceyan age (the Lower Border Group and
Cementstones) in the Northumberland basin (George et al.
1976). They overlie fluviatile Upper Old Red Sandstone
sediments of Famennian age (House et al. 1977) and follow a
period of non-deposition which may have lasted for some 10
to 10° years (Leeder 1976, 1982 Fig. 8) and during which
calcrete palaeosols formed at the top of the Old Red
Sandstone. No diagnostic fossils have been found in the
northern part of the Northumberland Trough in sediments
contiguous with the volcanics but Courceyan miospores and
ostracod faunas occur in the Cementstones elsewhere in the
Northumberland Basin (Neves et al. 1972; George et al.
1976).

The Birrenswark and Kelso lavas are taken locally to mark
the base of the Carboniferous but it seems likely that, in this
area, the red-bed facies of the Old Red Sandstone persisted
into Carboniferous times (George et al. 1976). Thus, the lavas
are regarded as almost certainly early Carboniferous in age
and the minimum age of 361 = 7 Ma may relate to an horizon
some distance above the Devonian—Carbbniferous system
boundary.

The age of the Devonian—Carboniferous boundary
must be interpolated between an upper limit of at least
367 + 1 Ma. based upon data from the early Frasnian Cer-
berean Cauldron Volcanics, and a lower limit of at least
361 + 7 Ma based upon the data from the Birrenswark and
Kelso lavas at an undefined level in the Courceyan. On this
evidence, the Frasnian and Famennian appear to have
occupied a relatively brief period of time but the data avail-
able provide only minimum ages; an age of 365 + 5 Ma is
proposed for the Devonian— Carboniferous system boundary.

The Dinantian

Radiometric ages for British Lower Carboniferous suc-
cessions were reviewed by George et al. (1976); satisfactory
data are scarce and it is impossible, at present, to date the
boundaries of stages within the Dinantian with any degree of
confidence. However, the start of the major alkali-basaitic
volcanism in the Midland Valley of Scotland in mid-
Dinantian (Arundian) time can be dated fairly accurately
using data from the Garleton Hills lavas of East Lothian
(Item 4) which are supported by dates from other volcanics at
a similar stratigraphic level. Sanidine from trachytes in the
upper part of the Garleton Hills succession has an average K-
Ar age of 353 + 7 Ma (De Souza 1982); these lavas occur
between sequences assigned to the Pu and TC miospore
zones of Neves ef al. (1973) and are of Holkerian to Asbian
age (George et al. 1976). The Arthur’s Seat volcanics of
Edinburgh occur at a similar stratigraphic level and a K-Ar
age of 354 + 7 Ma has been reported for a lava at the base of
that succession (Fitch et al. 1970); tuffs amongst these
volcanics also contain Pu zone (i.e. late Courceyan to
Holkerian) miospores {Neves er al. 1973). These ages suggest
that the Tournaisian—Visean series boundary is no younger
than 355 Ma. Further support for the age of the mid-
Dinantian volcanic activity comes from the Sm/Nd age of
356 + 10 Ma (Van Breemen & Hawkesworth 1980) reported
from a granulite-facies gneiss xenolith in the Partan Craig
vent which cuts tuffs of the East Lothian volcanics, including
the Garleton Hills lavas referred to above. Van Breemen &
Hawkesworth (1980} interpreted the age as reflecting the
onset of the volcanic activity which brought it to the surface
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in early Carboniferous times.

The Clyde Plateau lavas form an extensive lava pile
covering most of the western part of the Midland Valley of
Scotland, and rest unconformably on sediments ranging in
age from Devonian to mid-Dinantian {? Chadian); they are
overlain by sediments of latest Dinantian age. Over 35 mineral
and whole-rock conventional K-Ar age determinations on
Clyde Plateau lavas and associated intrusions by De Souza
(1982) gave ages ranging from 332 Ma to 326 Ma on the least
altered samples; De Souza suggested that this span of ages
corresponds with the time taken for the lava pile to accumu-
late. Lavas at the top of the succession near Strathaven
(Item 5) have an average K-Ar age of 327 £ 7 Ma (anortho-
clase). Lavas and tuffs of similar age nearby are overlain by a
Brigantian limestone. so that this date provides a minimum
age for the late Dinantian.

A minimum age of 320 + 8 Ma {K-Ar) has been obtained
from an outlying section of the Clyde Plateau lavas on the
Kintyre peninsula (Ide Souza 1982); there, the Machrihanish
lavas (Item 6) rest unconformably on Devonian and older
rocks and are overlain by sediments containing faunas of
possible Dinantian or Namurian age (George e ¢f. 1976). On
the basis of the age of 327 £ 7 Ma from the upper Clyde
Plateau lavas, which are overlain by uppermost Dinantian
sediments, an age of 325 +* 5 Ma is proposed for the
Dinantian—Silesian boundary.

The Silesian

Very few reliahle radiometric data are available for rocks of
Namurian age. A K-Ar average age of 305 + 6 Ma has heen
reported from the Passage Group lavas of Ayrshire (Item 8)
which are post-Namurian A and pre-Westphalian A (De
Souza 1982); this can only be regarded as a low minimum age
since the lavas analysed showed alteration.

The East Fife Sill complex {Item 7), in the north-east of the
Midland Valley of Scotland, has an average K-Ar whole-rock
age of 310 + 12 Ma (Forsyth & Rundle 1978); the sills, which
are of fairly limited lateral extent, cut Carboniferous strata
ranging in age from late Dinantian to Namurian {E,). Farther
west in Fife, similar sills are also found to cut only pre-
Westphalian strata and, therefore, a Namurian or early
Westphalian age seems possible. Francis {1967, 1968) has
shown that the sills have a close genetic association with tuffs
ranging in age from uppermost Dinantian to mid-Namurian.
The average age of 310 £ 12 Ma therefore provides a
minimum age for the Namurian; Forsyth & Rundle (1978)
concluded that the emplacement of the East Fife Sill complex
occurred at the older end of this age range and may well have
been 322 Ma or older.

The most reliable data availahle for the Westphalian are
from the Ruhr in Germany (Damon & Teichmiiler 1971);
primary sanidine from a tonstein horizon in the coal seam
Hagen 2, of Westphalian C age, gave an average K-Ar age of
304 + 6 Ma (Item 9). This provides a good minimum age for
Westphalian C deposits.

The Whin Sill of northern England (Item 11) occupies an
historic position as a marker point on the geological time-
scale {Dubey & Holmes 1929; Holmes 1931); this intrusion is
bracketed stratigraphically between Coal Measures of
Westphalian B to C age and Upper Brockram sediments of
probable early Permian age. The average K-Ar whole-rock
age of 301 * 5 Ma obtained by Fitch & Miller (1967) and

Tarling er al. {1973) therefore provides a minimum age for
the Westphalian B to C rocks of northern England. Con-
firmation of this radiometric data comes from the co-
magmatic Midland Valley Sill Complex of Scotland (Item 10)
which has an average K-Ar whole-rock age of 303 = 5 Ma
(Fitch er af. 1970). Francis {1978) has correlated the tholeiitic
Whin Sill and Midland Valley Sill Complex with a north-west
trending dyke swarm in Skane, southern Sweden, which has
similar petrographic features and from which Klingspor
(1976) reported a K-Ar isochron age of 300 = 4 Ma based on
data from 21 samples.

From the limited amount of data available, an age of
310 = 5 Ma is proposed for the Namurian—Westphalian
boundary, since this shows the best agreement with the data
from the Westphalian.

There are few stratigraphically-controlled dates from post-
Westphalian Carboniferous rocks. The two-mica granites of
southern Brittany (Item 12) have given average K-Ar biotite
and muscovite ages of 302 £ 6 Ma and 321 £ 6 Ma re-
spectively, and a Rb-Sr isochron age of 331 + 9 Ma (Vidal
1973; Ries 1979). Deformed pebbles of an identical granite
occur in Stephanian molasse sediments in western Brittany
and the biotite age of 302 £ 6 Ma is therefore regarded as a
ma