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A Geologic Time Scale (GTS2004) is presented that inte-
grates currently available stratigraphic and geochrono-
logic information. Key features of the new scale are out-
lined, how it was constructed, and how it can be further
improved. The accompanying International Strati-
graphic Chart, issued under auspices of the Interna-
tional Commission on Stratigraphy (ICS), shows the cur-
rent chronostratigraphic scale and ages with estimates
of uncertainty for all stage boundaries. Special reference
is made to the Precambrian part of the time scale, which
is coming of age in terms of detail, and to the Neogene
portion, which has attained an ultra-high-precision
absolute-age calibration.

Introduction

The geologic time scale is the framework for deciphering the history
of the Earth and has three components:
(1) The international chronostratigraphic divisions and their cor-
relation in the global rock record,
(2) The means of measuring absolute (linear) time or elapsed
durations from the rock record, and
(3) The methods of effectively joining the two scales.

For convenience in international communication, the rock
record of Earth’s history is subdivided in a “chronostratigraphic”
scale of standardized global stratigraphic units, such as “Ordovi-
cian”, “Miocene”, “Harpoceras falciferum ammonite Zone” or
“polarity Chron C24r”. Unlike the continuous ticking clock of the
“chronometric” scale (measured in years before present), the
chronostratigraphic scale is based on relative time units, in which
global reference points at boundary stratotypes define the limits of
the main formalized units, such as “Devonian,” The chronostrati-
graphic scale is an agreed convention, whereas its calibration to
absolute (linear) time is a matter for discovery or estimation.

By contrast, Precambrian stratigraphy is formally classified
chronometrically, i.e. the base of each Precambrian eon, era and
period is assigned an arbitrary numerical age. This practice is now
being challenged (see below).

Continual improvements in data coverage, methodology, and
standardization of chronostratigraphic units imply that no geologic
time scale can be final. This brief overview of the status of the Geo-
logic Time Scale in 2004 (GTS2004), documented in detail by Grad-
stein et al. (2004), is the successor to GTS1989 (Harland et al.,
1990), which in turn was preceded by GTS1982 (Harland et al.,
1982). GTS2004 also replaces the International Stratigraphic Chart
2000 of the International Commission on Stratigraphy (ICS) and
UNESCO, issued four years ago (Remane, 2000).

There are several reasons why this new geologic time scale of
2004 was required, including:

e Nearly 50 of 90+ Phanerozoic stage boundaries are now defined,
versus <15 in 1990;

* Stable international stage subdivisions rendered invalid about
15% of the “stage” names of 1990;

e Last 23 million years (Neogene) is orbitally tuned with 40 kyr
accuracys;

* Orbital scaling has been successful in portions of the Paleocene,
lower Cretaceous, lower Jurassic, and upper Triassic;

o Superior stratigraphic integration in Mesozoic has merged direct
dating, seafloor spreading (M-sequence), zonal scaling and
orbital tuning;

e Superior stratigraphic scaling of Paleozoic was achieved using
high-resolution composite zonal standards;

* A ‘natural’ geologic Precambrian time scale has been proposed
to replace the current artificial scale;

* More accurate and precise age dating has provided over 200
Ar/Ar and U/Pb dates with external (systematic) error analysis,
of which only a few of these were available to GTS89;

e Improved mathematical/statistical techniques can combine bios-
tratigraphic zones, polarity chrons, geologic stages and absolute
ages to calculate the linear time scale and estimate uncertainty.

A listing is provided at the end of this document of outstanding
issues that, once resolved, will pave the way for an updated version
of the standard Geologic Time Scale, scheduled under the auspices
of ICS for the year 2008.

Overview of construction of GTS2004

Since 1989, there have been major developments in time scale
research, including:

(1) Stratigraphic standardization through the work of the Inter-
national Commission on Stratigraphy (ICS) has greatly refined the

Note: This article provides an excerpt of Geologic Time Scale 2004 (Cambridge University Press, ~500 pp.). The Time Scale Project is a joint undertaking of
F.M. Gradstein, J.G. Ogg, A.G. Smith, F.P. Agterberg, W. Bleeker, R.A. Cooper, V. Davydov, P. Gibbard, L.A. Hinnov, M.R. House (f), L.J. Lourens, H-P.
Luterbacher, J. McArthur, M.J. Melchin, L.J. Robb, J. Shergold, M. Villeneuve, B.R. Wardlaw, J. Ali, H. Brinkhuis, F.J. Hilgen, J. Hooker, R.J. Howarth, A.H.
Knoll, J. Laskar, S. Monechi, J. Powell, K.A. Plumb, I. Raffi, U. Rohl, A. Sanfilippo, B. Schmitz, N.J. Shackleton, G .A. Shields, H. Strauss, J. Van Dam, J. Veizer,
Th.van Kolfschoten, and D. Wilson, and is under auspices of the International Commission on Stratigraphy.
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international chronostratigraphic scale. In some cases, such as in the
Ordovician or Permian periods, traditional European- or Asian-
based geological stages have been replaced with new subdivisions
that allow global correlation.

(2) New or enhanced methods of extracting linear time from the
rock record have enabled high-precision age assignments. Numerous
high-resolution radiometric dates have been generated that has led to
improved age assignments of key geologic stage boundaries. The use
of global geochemical variations, Milankovitch climate cycles, and
magnetic reversals have become important calibration tools.

(3) Statistical techniques of interpolating ages and associated
uncertainties to stratigraphic events have evolved to meet the chal-
lenge of more accurate age dates and more precise zonal assign-
ments. Fossil event databases with multiple stratigraphic sections
through the globe can be integrated into high-resolution composite
standards for internal scaling of geologic stages.

The compilation of GTS2004 involved a large number of spe-
cialists, listed above, including contributions by past and present
chairs of different subcommissions of ICS, geochemists working
with radiogenic and stable isotopes, stratigraphers using diverse
tools from traditional fossils to astronomical cycles to database pro-
gramming, and geomathematicians.

The methods used to construct Geologic Time Scale 2004
(GTS2004) integrate different techniques depending on the quality
of data available within different intervals (Figure 1). The set of
chronostratigraphic units (geologic stages, periods) and their com-
puted ages that constitute the main framework for the Geologic Time
Scale 2004 are summarized in the International Stratigraphic Chart
(Figure 2 and accompanying insert). Uncertainties on ages are
expressed at 2-sigma (95% confidence). Table 1 summarizes the sta-
tus of stratigraphic standardization, compiled by one of us (JGO), for
the entire geologic column. Steady progress is made with further
standardization of the stratigraphic scale.

The main steps involved in the GTS2004 time scale construc-
tion were:

Step 1. Construct an updated global chronostratigraphic scale
for the Earth’s rock record (Table 1).

Step 2. Identify key linear-age calibration levels for the
chronostratigraphic scale using radiometric age dates, and/or apply

astronomical tuning to cyclic sediment or stable isotope sequences
which had biostratigraphic or magnetostratigraphic correlations.

Step 3. Interpolate the combined chronostratigraphic and
chronometric scale where direct information is insufficient.

Step 4. Calculate or estimate error bars on the combined
chronostratigraphic and chronometric information to obtain a geo-
logic time scale with estimates of uncertainty on boundaries and on
unit durations.

Step 5. Peer review the geologic time scale through ICS.

The first step, integrating multiple types of stratigraphic infor-
mation in order to construct the chronostratigraphic scale, is the most
time-consuming. This relative geologic time scale summarizes and
synthesizes centuries of detailed geological research. The second
step, identifying which radiometric and cycle-stratigraphic studies
would be used as the primary constraints for assigning linear ages, is
the one that is evolved most rapidly during the past decade. Histori-
cally, Phanerozoic time scale building went from an exercise with
very few and relatively inaccurate radiometric dates, as used by
Holmes (1947, 1960), to one with many dates with greatly varying
analytical precision (like GTS89, or to some extent Gradstein et al.,
1994). Next came studies on relatively short stratigraphic intervals
that selected a few radiometric dates with high internal analytical
precision (e.g., Obradovich, 1993; Cande & Kent, 1992, 1995;
Cooper, 1999) or measured time relative to present using astronom-
ical cycles (e.g., Shackleton et al., 1999; Hilgen et al., 1995, 2000).
This later philosophy is adhered to in this scale.

In addition to selecting radiometric ages based upon their strati-
graphic control and analytical precision, we also applied the follow-
ing criteria or corrections:

(1) Stratigraphically constrained radiometric ages with the
U-Pb method on zircons were accepted from the isotope dilution
mass spectrometry (TIMS) method, but generally not from the high-
resolution ion microprobe (HR-SIMS, also known as “SHRIMP”)
that uses the Sri Lanka (SL)13 standard. An exception is the Car-
boniferous Period, where there is a dearth of TIMS dates, and more
uncertainty.

(2) “OAr-*%Ar radiometric ages were re-computed to be in
accord with the revised ages for laboratory monitor standards: 523.1
+4.6 Ma for MMhb-1 (Montana hornblende), 28.34 +0.28 Ma for
TCR (Taylor Creek sanidine) and 28.02 +0.28 Ma for
FCT (Fish Canyon sanidine). Systematic (“external”) errors
and uncertainties in decay constants are partially incorpo-
rated. No glauconite dates are used.

The bases of the Paleozoic, Mesozoic and Cenozoic
eras are bracketed by analytically precise ages at their GSSP
(Global Standard Section and Point) or primary correlation
markers — 542 +1.0 Ma, 251.0 +0.4 Ma, and 65.5 0.3 Ma

|
-1 Cenozoic I
| |

— and there are direct age-dates on base-Carboniferous,
base-Permian, base-Jurassic, and base-Oligocene; but most
other period or stage boundaries prior to the Neogene lack

Cretaceous

direct age control. Therefore, the third step, interpolation,
plays a key role for most of GTS2004. A set of detailed and

180—  Jurassic

high-resolution interpolation processes incorporated several
techniques, depending upon the available information:

= Triassic

(1) A composite standard of graptolite zones spanning
the uppermost Cambrian, Ordovician and Silurian interval

2704 permian

was derived from 200+ sections in oceanic and slope envi-

Carboniferous

ronment basins using the constrained optimization method.
With zone thickness taken as directly proportional to zone

360
- Devonian

duration, the detailed composite sequence was scaled using
selected, high precision zircon and sanidine age dates. For

Silurian

the Carboniferous through Permian a composite standard of

450— .
Ordovician

conodont, fusulinid, and ammonoids events from many
classical sections was calibrated to a combination of U-Pb

'" mbrian
540— Ganb x

and 4OAr-39Ar dates with assigned external error estimates.
A composite standard of conodont zones was used for Early

Figure 1 Methods used to construct the Geologic Time Scale 2004
(GTS2004) integrate different techniques depending on the quality of

data available within different intervals.

Triassic. This procedure directly scaled all stage boundaries
and biostratigraphic horizons.

June 2004



85

i #00Z @ Jybuidos

U0 LOYESILLLIOT) |

660 189 Aq peonpoid sem LeyD auy| ‘dg pue odexal uoiaay) ‘Aemion
llo1E1s “l1gouoxx3 Aq $00Z 108foid S19 ey 10} papinosd Asnossusb Buipuny yim pejuld pue payelp sem Leyd silL

‘(ssaid Aussenun ebpuqued 'p00z) 1e 1@ 'yuws ‘660 ‘ulsispeisy

AQ " #00z sle0s swi) 01Bojoan v, woy aie sabe jeauswnu pais) ey (BiomwBomamm) puop syl jo dep (eaiBojoas

8U} J0} UoISSILILLICD &) 0} Buipioooe ale s10j0D "uIsiAS) 0) 10algNs BJe DIZOIBUBYY 8U) Ul SBLEpPUNOG JUN BU)

jo sabe [eousawiny “pauyap fjleuuo) jou aue (Uendy Jaddn pue e|ppi “6'8) seuepunoq sbejs-BaUl SO "SHWI JSSO
J18y) uo Juswssibe leuoiewsiul uodn paweu AIEWIO) 34 |IM UBLGWIED PUB UBIDIAOPIO aUl uiyim sebes swos

*(BioAydesBiens mamm) alisgem So| ey} uo pajsod Bie YSS9

pue 4sso yoea jo suondussap pejepdn "yded uo uoRoas ¥oou B u) [aas| ayeds e 0} asualajel Inouim abe joensqe
UE S1YSSO B seaiaym ‘uoijoes adijojens Aiepunog sy uj |aas| fiepunog auj je pajunow snbejd sweu weisks Jojpue
abeyg pue ( & ) axids ,uspjoB, e aaey Ajlemoe s,dss9o Auey awny oifiojoab Jo spun [EuchELWBIUl BY) JO LOKIUap

*(2ouapifuos %,66) PuL1s-g I passaidxa saSp U0 saNUIDIIIIU[) *FOOT 2IDIS Uil ] I150]090)
AOf YLOMWUDLf UL Y] 24D YIIYM ‘SaID pandutod 112y) pup (sporiad ‘sasnis 21307023) sprun 1ydni3yp.asou0.10Yd fo 1as ay) SIZLDWWNS JDY) PIYdDL31AD)S [PUOYDULIUT Y ] 7 24NS1]

VEFEGYE
9IF voze
£1F L'BLEF
VIFLLER
OLF G90EF

B oYM

ERTCTCENT

_uz.w uonaejes auy syenbal (Lg-2/ 61 'seposidgy L 60F 6'E0E
'9661 “[E 10 sUBLWIaY) S| AU} JO SaUIIBPING BUL < I— e o [
“(son|) seousios 4 ueiuony
|eaifojoas Jo uolun |[euonewsiu| au) Ag paynel 0ZF OELS B'0F 9'v6E 0°LF £'68
pue (g91) AydeiBnens uo UDISSILLLIOY [BUCHEUISIU| UBDBIL0D
8y} Ag pancidde aie sjiun asay] ‘SNEjs |BWLIO) pue L0F vvee L'0F 858 TEE Jaddn
saleu Jiay) "yuel ssuysjun oydesBiessouoiys oz oLsh ‘0F 'S 107 gea luoes
[BUDIELIBIUL 8L} JO mBlAIan0 ue saalb Leyo syl & CORA9LE ueiuedwe)
(vSs9) 8by oudesblens ueiBuoiny ¢ |FFooz 9°0% 0L
piepuels [eqols) ‘abe sinjosqe Aq papipans o 4“ - UBNUMISERIN
Alew.oy w_ _maw.vc_ UBLOWEIBIY BU) SEBIBUM ¢ LiFeeay o |LoFosee < €07 669 |——
‘aseq s)| je (dSSD) Julod pue uonoes piepuels LF G ‘OF & : .
|BQOIS) B AQ pBulep S| UBJEJBIPT BY] JO 9seq au) pue & LEFRLy & HOF 850 @ Ohate
(Jussaid 0} B ZiG~) |eAIB)UI DIOZOJBUBLY BU) JO 9LF Q' LLY LO0F Y09 2'0F 1'8S
yun yoe3 Mepunog Jamol Jiaw Aq pauyep Ajjeuuo) . & 0T gEsE P )
aue piosas oiBojoab [eqolf i Jo suoISINPANS & 9'LF L8Oy <& 207 965 i W
9'LF 609Y Y0¥ 0'16Z Z'0F 981 @
Pauyep Jou 4 4 uenain ‘w i
1w J3M0T 917 8'55Y 107 L'6v2 207 v'oy =w:q_. P gueaed =
@ 009€ SLF 9GEy §'LF O'GHE boFZTLE _._ = 98 o M
<& 5LF LEb 0ZF0'LET o |FoFeee s.m__m%.x M
@ 00ze & [FrFoee 0ZF 0822 - 10T 18 8us90b||0 o
uejweD UEIEUD =
o [FrFoser 0ZFG'91Z £0'ET Olo
£2F 282 —— il v BRIy 2
| i .
© | o 4 U|pooMUIBLS = T 70 Meebiping =
e e wouam | § 9'0% 9661 16Sh :wEmcw._. M
@ 0052 & ez Seneon = < 0'LF 6'961 S9'EL TR I 8UBIOIN o
@ | ooz & P75 Mapmpny| MOPM & [ < | % N o
@ 0502 « LTFLBY jopid Ay & e uejuissap =
@ | oe & [FrEoe — 7 i & | ©° [iespuez m
009l QTF LY €Ty 009°€ @
@ & AN e ﬁ\ UB|ZUaoeld susdold | 2
@ | oom & o 567 L2191 MR ——— ®
@ 00zt <& 1'2F 6 L6E 0FF L'9L & | o= e
@ 0004 LTFEIEE 0PEZLOL 1840
< _ oPPIN | eussoisield
@ 058 & PFese URER] O'vF L'GGL 9zL0 P
0e9 9TF GPLE vE g 5LL00
Al ¢ L e
-
[7}n] [ o) mm (] o) w mm L L
8% | 52 2|5z | 28 | Ef 8| 52 253 | 88 | §% [aless
£9 ® T ® ® % m. & ] ® R ® ® % b as|”gl®
= Aydelbnens uo UoISSILILWIOY |EUOBUIBIU| Y6

14VHO OIHdVEOILVHLS TVNOILVNY



86

Table 1 Status of defining lower boundaries of geologic stages with GSSPs (as of May, 2004). Updates of this compilation can be
obtained from the website (www stratigraphy.org) of the International Commission on Stratigraphy (ICS) under IUGS.

EON, Era, System,
Series, Stage

| Age (Ma)
GTS2004

Est. £
myr

Derivation of Age

Principal correlative events

GSSP and location

|Status

Publication

PHANEROZOIC

Cenozoic Era

Neogene System

Holocene Series

The"Quaternary" is traditionally considered
to be the interval of oscillating climatic
extremes (glacial and interglacial episodes)
that was initiated at about 2.6 Ma, therefore
encompasses the Holocene and Pleistocene
epochs and Gelasian stage of late Pliocene.
This composite epoch isnot a formal unit in
the chronostratigraphic hierarchy.

base Holocene

11.5ka

0.00

|Carbon-14 dating

‘calibration

exactly 10,000 Carbon-14 years (= 11.5 ka
calendar years BP) at the end of the
Younger Dryas cold spell

. Informal
\working

Pleistocene Series

\definition

base Upper Pleistocene
subseries

0.126

0.00

| Astronomical cycles in

|sediments

base of the Eemian interglacial stage (=
base of marine isotope stage 5e) before
final glacial episode of Pleistocene

Potentially, within
sediment core under the

Netherlands (Eemian type

area)

|Informal
|working
|definition

base Middle Pleistocene
subseries

0.781

0.00

| Astronomical cycles in

sediments

Brunhes-Matuyama magnetic reversal

|Informal
|working
| definition

base Pleistocene Series

1.806

0.00

| Astronomical cycles in

\sediments

Just above top of magnetic polarity
chronozone C2n (Olduvai) and the
extinction level of calcareous nannofossil
Discoaster brouweri (base Zone CN13).
Above are lowest occurrence of calcareous
nannofossil medium Gephyrocapsa spp.
and extinction level of planktonic foraminifer
Globigerinoides extremus.

Top of sapropel layer &',
Vrica section, Calabria,
Italy

|Ratified 1985

Episodes 8 (2),
p.116-120, 1985

Pliocene Series

base Gelasian Stage

2.588

0.00

| Astronomical cycles in

\sediments

Isotopic stage 103, base of magnetic
polarity chronozone C2r (Matuyama).
Above are extinction levels of calcareous
nannofossil Discoaster pentaradiatus and
D. surculus (base Zone CN12c).

Midpaint of sapropelic

Nicola Bed ("A5"), Monte

San Nicola, Gela, Sicily,
Italy

|Ratified 1996

Episodes 21 (2),
p.82-87, 1998

base Piacenzian Stage

3.600

0.00

| Astronomical cycles in

‘sediments

Base of magnetic polarity chronozone C2An
(Gauss); extinction levels of planktonic
foraminifers Globorotalia margaritae (base
Zone PL3) and Pulleniatina primalis.

Base of beige layer of

carbonate cycle 77, Punta |Ratified 1997

Piccola, Sicily, Italy

Episodes 21 (2),
p.88-93, 1998

base Zanclean Stage,
base Pliocene Series

5.332

0.00

| Astronomical cycles in

|sediments

Top of magnetic polarity chronozone C3r,
~100 kyr before Thvera normal-polarity
subchronozone (C3n.4n). Calcareous
nannofossils -- near extinction level of
Triquetrorhabdulus rugosus (base Zone
CN10b) and the lowest occurrence of
Ceratolithus acutus.

Base of Trubi Fm (base of

carbonate cycle 1),

Eraclea Minoa, Sicily, Italy

|Ratified 2000

|Episodes 23 (3),
p.179-187, 2000

Miocene Series

base Messinian Stage

7.246

0.00

\Astronomical cycles in

sediments

Astrochronology age of 7.246 Ma; middle of
magnetic polarity chronozone C3Br.1r;
lowest regular occurrence of the
Globorotalia conomiozea planktonic
foraminifer group.

Base of red layer of

carbonate cycle 15, Oued |Ratified 2000

Akrech, Rabat, Morocco

Episodes 23 (3),
p.172-178, 2000

base Tortonian Stage

11.608

0.00

Astronomical cycles in

\sediments

Last Common Occurrences of the
calcareous nannofossil Discoaster kugleri
and the planktonic foraminifer
Globigerinoides subquadratus. Associated
with the short normal-polarity subchron
Csr.2n.

Midpoint of sapropel 76,
Mante dei Corvi beach
section, Ancona, ltaly

|Ratified 2003

Episodes article in
preparation

base Serravillian Stage

13.65

0.00

Astronomical cycles in

isediments

Near lowest occurrence of nannofossil
Sphenolithus heteromorphus, and within
magnetic polarity chronozone C5ABr.

|GssP
|anticipated in

|2004

base Langhian Stage

15.97

0.0

| Calibrated magnetic

‘anomaly scale

Near first occurrence of planktonic
foraminifer Pragorbulina glomerosa and top
of magnetic polarity chronozone C5Cn.1n

\GsSP
\anticipated in
| 2004

base Burdigalian Stage

20.43

0.0

‘Calibrated magnetic

‘anomaly scale

Near lowest occurrence of planktonic
foraminifer Globigerinoides altiaperturus or
near top of magnetic polarity chronozone
CBAn

| Guide event
|is undecided

base Aguitanian Stage,
base Miocene Series, base
Neogene System

23.03

0.0

| Astronomical cycles in

'sediments

Base of magnetic polarity chronozone
CBCn.2n; lowest occurrence of planktonic
foraminifer Paragloborotalia kugleri; near
extinction of calcareous nannofossil
Reticulofenestra bisecta (base Zone NN1).

35 m from top of Lemme-
Carrosio section, Carrosio

village, north of Genoa,
Italy

|Ratified 1996

Episodes 20 (1),
p.23-28, 1997

June 2004
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(Continued)
EON, Era, System Age (Ma) Est. £ _ . . - - - -
Safl ‘;s S; s g{.\ ! G‘?‘;;o:i r:;r Derivation of Age |Principal correlative events GSSP and location |Status  |Publication
{
Calibrated magnetic
28.4 04 .ta:xs?h:isﬂ:nr:l:::e Planktonic foraminifer, extinction of Probably in Umbria- Snsﬁsuiated i
C24n. Arbitrary 100 kyr Chiloguembelina (base Zone P21b) Marche region of Italy 2004
uncertainty assigned.
Calibrated magnetic Base of marl bed at 19m
|anomaly scale relative |Planktonic foraminifer, extinction of above base of . Episodes 16 (3),
33.9 01 to base-Miocene and  |Hantkenina | Massignano quarry, Fatifed 1902 p.379-382, 1993
C24n. Ancona, Italy
::mmggig::&e Noar fowest cccunvenes ol calcareous Probably in Umbria
37.2 0.1 ¥ 5 nannofossil Chiasmolithus oamaruensis ¥, 2
to base-Miocene and Marche region of Italy
C24n. (base Zone NP18)
Calibrated magnetic
40.4 0.2 anomaly scale relative |Near extinction of calcareous nannofossil
2 " to base-Miocene and  |Reficulofenestra reticulata
C24n.
Calibrated magnetic Leading candidate is GSSP
48.6 02 |anomaly scale relative |Planktonic foraminifer, lowest occurrence of |Fortuna section, Murcia nlicinated in
: " |to base-Miocene and  |Hantkenina province, Betic ;mi'pa
C24n. Cordilleras, Spain
Micropaleontology
Astronomical cycles in " : v.49 (Suppl. 1),
558 | 02 |sediments scaled from  |Base of negative carbon-isotope excursion | a2 SSUON N3 gaiifeq 2003|2003, Episodes
base-Paleocene  Egypt article in
preparation
Astronomical cycles in
sediments scaled from
base Paleocene, using
base of magnetic
|potarity chr_onnzone Magnetic polarity chronozone, base of Leading canc!ldate » Guide event
58.7 0.2 |C26n. Arbitrary 0.1 (2 C26n, is a temporary assignment Zumaya section, northern o andoctie s
precession cycles, plus ! Spain
the base-Paleogene
radiometric) uncertainty
|assigned to all
eslimates.
Astronomical cycles in
sedi scaled from % o A [ . -
biase Palencene, using Boundary task group is considering a_hlgher Leading canqldate is Bt évont
61.7 0.2 | i ; level - base of calcareous nannofossil zone| Zumaya section, northern |, i
magnelic pofarity NP5 -- which would be ~1 myr younger. Spain I8 undecided
chronozone placement ’
of C27n.9
Iridium geochemical anomaly. Associated ﬁ:fse.r‘l’fn?::’;:;” ciny
Ar-Ar and U-Pb age with a major extinction horizon P i .
655 | 03 | oreement (foraminifers, calcareous nannofossils, | Cororioration may require |Ratified 1991
dinoaatns et ): \assigning a replacement
, elc.), on)
Mesozoic Era
Most substages of Cretaceous also have
recommended GSSP criteria
Upper
Mean of 12 biostratigraphic criteria of equal Episodes 24 (4),
Estimated placement importance. Closely above is lowest 115.2 m level in Grande p.229-238, 2001;
base Maastrichtian 70.6 06 |valitive 16 AdAr occurrence of ammonite Pachydiscus Carriére quarry, Tercis- Ratified 2001 Qdin (ed.) IUGS
Stage £ 2 leatibraten sreiirs neubergicus. Boreal proxy is lowest les-Bains, Landes Spec. Publ.
1 occurrence of belemnite Belemneilla \province, SW France Series, v.36,
lanceolata. Elsevier, 910pp.
. — - . Leading candidates are in
N . Spline fit of Ar-Ar ages |Crinoid, extinction of Marsupites
base Campanian Stage 83.5 0F o armonite sohes. | lestoalans ‘?'i?ct::m England and in
. o Spline fit of Ar-Ar ages |Inoceramid bivalve, lowest occurrence of | Leading candidates are in
base Santonian Stage 85.9 07 and ammonite zones. | Clad dulataoplicat Spain, England and Texas
Base of Bed MK47,
: Soline it o ArAr adiea Inoceramid bivalve, lowest occurrence of | Salzgitter-Salder Quarry, |GSSP
base Coniacian Stage 89.3 1.0 agd pcealndodd nsgs Cremnoceramus rotundatus (sensu Troger |SW of Hannover, Lower |anticipated in
" |non Fiege) | Saxony, northern 2004
Germany
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EON, Era, System Age (Ma) |Est. +
s it' S.ta g‘; ! G‘grS‘.(’OO: el Derivation of Age Principal correlative events GSSP and location |Status Publication
e
Base of Bed 86, Rock
ke AE : Spline fit of Ar-Ar ages |Ammonite, lowest occurrence of Canyon Anticline, east of . Episodes article in
base Turonian Staga 93.6 08 and ammonite zones. | Watinoceras devonense Pueblo, Colorado, west- Ralified:2003 preparation
central USA
Spline fit of Ar-Ar ages
and ammonite zones,
plus monitor standard 36 m below top of Marnes
o . - correction. Then cycle |Planktonic foraminifer, lowest occurrence of | Bleues Formation, Mont . Episodes 27 (1),
base Cenomanian Stage ~ 99.6 09 | qatigraphy to place | Rotalipora globotruncanoid Risou, Rosans, Haute- | 2uned 2002 p.21-32, 2004
foraminifer datum Alpes, SE France
relative to ammonite
zonation.
Estimated placement
relative to bases of
2:2::”\;‘::’: :r;‘; Calcareous nannofossil, lowest occurrence
112.0 10 unoen;ajntyduawlack of Praediscosphaera columnata (= P. Guide event
A 5 of GSSP criteria. Ar-Ar cretacea of some earlier studies), is one is undecided
age of 114.6 +/- 0.7 Ma | POtENal marker.
from Parahoplites
nutfieldensis below.
Base of Mor, as lé?d:'g csnd::raate is
125.0 1.0 |recomputed from Ar-Ar |Magnetic polarity chronozone, base of MOr Pi OE'U :UEmbrf: M o
age from MIT guyot SRR, SHIOHR VO
central ltaly
Pacific spreading model
for magnetic anomaly 3 St Leading candidate is Rio
130.0 1.5 |ages (variable rate), Ammonis, sawes: cocurrenee of Spiidiacus Argos near Caravaca,
A hugii — Spitidiscus vandeckii group 7 R !
using placement at Murcia province, Spain
M5n.8.
Pacific spreading model Leading candidate is La
for magnetic anomaly | A lite, lowest oc of genus Charce village, Dréme
1364 | 20 |ages(variablerate)using Acanthodiscus (especially A. radiatus) | province, southeast
pl t at base M11n| France
Pacific spreading model g
: Calpionellid, lowest occurrence of z ey
for magnetic anomaly 4 ; . S Leading candidate is near
140.2 20 ages (variable rate), Cs.-'p:o;;!:ze;s dsm:;rh(l:;a I? ot Calpaorr;::i:e Montbrun-les-Bains, Dro
* " |using placement at onc bk ':,T."Ed oWest oco me province, southeast
M14r.3 (base T. s France
pertransiens ). Pergansens
Pacific spreading model
for magnetic anomaly
1455 40 |29es (variable rate),  |Maybe near lowest occurrence of ammonite Guide event
: ' lassigning tobase of  |Berriasella jacobi is undecided
Berriasella jacobi zone
(M19n.2n.55)
Upper
fomﬁ:;gf:g:fn";‘l’:"' Near base of Hybonoticeras hybonotum
- : ; ammonite zone and lowest occurrence of Guide event
base Tithonian Stage 150.8 | 4.0 3ges (variablo 1218). | Gravesia genus, and the base of magnetic is undecided
Mzgnm polarity chronozone M22An
Pacific spreading model
i i for magnetic anomaly ' ]
base Kimmeridgian 1557 | ao [29es (variablerate), |Ammonit, near base of Pictonia baylei e O O el
Stage - ' |assigning to base ammonite zone of Boreal realm i mpa
M26r.2 (Boreal
ammonite definition)
Pacific spreading model
for magnetic anomaly | Ammonite, Brightia thuouxensis Horizon at |Leading candidates are in |GSSP
base Oxfordian Stage 161.2 4.0 |ages (variable rate),  |base of the Cardioceras scarburgense SE France and southern |anticipated in
assigning to base Subzone (Quenstedtoceras mariae Zone) |England 2004
M3BAN
Ammonite, lowest occurrence of the genus
Kepplerites (Kosmoceratidae) (defines  |Leading candidate is GSsP
164.7 4.0 g:f‘:h:%:;:vmm base of Macrocephalites herveyi Zone in | Pfeffingen, Swabian Alb, |anticipated in
! sub-Boreal province of Great Britainto ~ |SW Germany 2004
southwest Germany)
167.7 a5 Equal subzones scale &rm‘n'onlte: %ejs‘ JecHpenes cef -
} ] : f : gens ( base
Bajo-Bath-Callov of Zigzasiceras zigzag Zome)

June 2004
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(Continued)
EON, Era, System e (Ma) Est. .
Sen‘t;s S’tagi * ggsiooi S Derivation of Age |Principal correlative events GSSP and location |Status Publication
r
Base of Bed AB11, 77.8 m
Equal subzones scale |/ Tmo"ite. lowest occurrence of the genus | o 1ace of Murtinheira | . Episodes 20 (1),
171.6 3.0 k Hyperlioceras (defines base of the : Ratified 1996
Bajo-Bath-Callov rliocaras discites Zone) section, Cabo Mondego, p.16-22, 1997
ype western Portugal
Duration of Aalenian- ; 3 5
% Ammonite, lowest occurrence of Lejoceras | base of Bed FZ107, v Episodes 24 (3),
175.6 20 ;.:;Zl?ar;::yom cycle genus Fuentelsalz, central Spain Ratilied 2000 p.166-175, 2001
: : Ammonite, near lowest occurrence of a
s | 43 poeioe ‘;r’o‘::fy’g:* diversified Eodactylites ammonite fauna; Guide event
22 R straligraphy correlates with the NW European Paltus is undecided
9 horizon.
. Ammonite, lowest occurrences of Wine Haven section, GSSP
1896 | 15 |CYole-soaled inear St giericeras donovani and of genera Robin Hood's Bay, anticipated in
Apoderoceras and Gleviceras. Yorkshire, England, UK (2003
0.9 m above base of Bed
Cycle-scaled linear Sr | Ammonite, lowest occurrence of arietitid 145, East Quantoxhead, . Episodes 25 (1),
1965 | 10 \iong genera Vi and Metophi | Walchet, West Somerset, | 20ned 2000 755 26, 2002
SW England, UK
199.6 06 U‘:b :g: g;tsl::alf?: Near lowest occurrence of smooth Guide event
: . ga;‘: Rurassis Psiloceras planorbis ammonite group is undecided
Upper
Magnetostratigraphic )
COMBIEton 10 CYOie- | oo oot At e Key sections in Austria,
) locera, conodonts Misikella spp. and 4 ; Guide event
base Rhaetian Stage 203.3 1.5 |scaled Newark ; : L British Columbia ; ;
magnetic polarity Eptgondolaﬂ'l lelia mosﬂef. anq radiolarian (Canada), and Turkey is undecided
balieen Proparvicingula moniliformis. ’
! ; Leading candidates are in
iﬂiﬁm"%ﬁ“ Base of Klamathites macrolobatus or British Columbia
. Stikinoceras ke ammonoid zones and the |(Canada), Sicily (ltaly), Guide event
base Norian Stage 2165 | 20 m‘z‘m‘;‘w Metapolygnathus communisti or M. and possibly Slovakia,  |is undecided
t?ern primitius conodont zones. Turkey (Antalya Taurus)
o and Oman.
Candidate section at Prati
?oar?;::;;s:::ug;?—m Near first occurrence of the ammonoids di Stuores, Dolomites,
% Daxatina or Trachyceras, and of the northern ltaly. Important |Guide event
base Camian Stage 2280 | 20 :f'i‘lg’::;;w conodont Metapolygnathus Ireference sections in Spit |is undecided
nim polygnathiformis (India) and New Pass,
pa \Nevada (USA).
U-Pb array by Mundil et
al. on levels near
Soact m”(T T Leading candidates are
zonein Dolomites, pius Alternate levels are near base of Reitzi, \Bagolino (Italy) and
237.0 20 |placement relaﬁvu;lo Secedensis, or Curionii ammonite zone;  |Felsoons (Hungary). Guide event
. il presipondideving near first occurrence of the conodont genus |Important reference is undecided
s rﬂau’ S SWLY Budurovignathus. sections in the Humboldt
bl \Range, Nevada (USA).
gnetic polarity
pattern
Ammonite, near lowest occurrences of Em;?:mncgim sSSP
245.0 15 Proportional subzonal  |genera Jay sl Eamdwms‘ and Dobrogea, Romania; anticipated in
scaling Paracrochordiceras; and of the conodont | 4 grificant sections in 2004
Chigsalatimorsns’s Guizhou Province (China).
Candidate sections in
Composite standard T . |Siberia (Russia) and
Near lowest occ of / yemia ;
249.7 0.7 from canadonts scaled or Meekoceras gracilitatis ammonites, and _mw Chaohu, Ashui Gurde event
to base-Anisian and of the conodont Neospathodus waageni Province, China. is undecided
base-Triassic e0sp " limportant sections also in
Spiti.
(LPb ages bracket Conodont, lowest occurrence of Hindeodus
3 ; parvus; termination of major negative Base of Bed 27c, . Episodes 24 (2),
2510 | 04 fggsa'; (Bowring etal, | - onisotope excursion. About1 myr  |Meishan, Zhejiang, China |Reted 2001|405 114, 2001
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EON, Era, System e (Ma) |Est. £
s erie; 3 S’tagye * Sgs;m: it Derivation of Age |Principal correlative events GSSP and location Status Publication
'’
Paleozoic Era
Permian-Carboniferous
time scale is derived
from calibrating a
master composite
section to selected
radiometric ages
Lopingian Series
bassehanghsingian 253.8 x = Conodont, near lowest accurrence of |Leading candidates are in
Stage : i conodont Clarkina wangi China
Base of Bed 6K/115 in
o = = Penglaitan section, S. bank of
base Wuchiapingian 260.4 i " Conodont, near Iowastr;o;fwfrema of | Hongshui River, 20 km ESE of |Ratified 2004
Stage conodont Clarkina postbitteri Laibin country town, Guangxi,
South China
4.5 m above base of Pinery
- Conodont, lowest occurrence of Limestone Member, Nipple Hill, i Episodes article in
I e 058 | 07 Jinogondolella postserrata SE Guadalupe Mountains, | ounee 2001 | aration
N Texas, USA
7.6 m above base of Getaway
" Conodont, lowest occurrence of Ledge outcrop, Guadalupe 7’ Episodes arficle in
2680 | 07 Jinogandolella aserrata Pass, SE Guadalupe Ratiied 2001 |- eration
Mountains, Texas, USA
42.7 m above base of Cutoff
y y Conodont, lowest occurrence of Formation, Stratotype Canyon, . Episodes arficle in
= 2706 0 linogondolella nanginkensi southern Guadalupe Mountains, Rafified 2001 preparation
Texas, USA
Cono?ont peer low:ast o?.c",'fem.d Leading candidates are in
275.6 0.7 o Neostreptog e |
N. exculptus 5
284.4 0.7 R Conodont, lowest occurrence of Leading candidates are in
% i conodont Sweetognathus whitei southern Ural Mins.
Conodont, near lowest occurrence of |Leading candidate is at
294.6 08 . conodont Sweetognathus merrelli  |Kondurovsky, Orenburg
Province, Russia.
Conodont, lowest occurrence of
Streptognathodus isolatus within the S|27 m above base of Bed 19,
= “wabaunsensis” conodont chronocline. Aidaralash Creek, Aktébe, y \Episodes 21 (1),
299.0 08 6 m higher is lowest fusilinid southern Ural Mountains, Ratifiod 1996 p.11-18, 1998
foraminifer Sphaeroschwagerina northern Kazakhstan
vulgaris aktjubensis
vl i Subsystem rank of Mississippian and
Pennsylvanian names ratified 2000,
Series classification approved in 2004
Near lowest occurrences of the
fusulinids Daixina, Jigulites and Guide event
303.9 0.9 M Rugosofusulina, or lowest occurrence is undecided
: ' of conodont Idiognathodus simulator
(s.sir.). Close to lowest occurrence of
ammonoid Shumardites
Near base of Obsoletes obsolefes
and Protriticites pseudomontiparus Guide event
306.5 10 " fusulinid zone, or lowest occurrence is undecided
' ' of conodont Streptognathodus
subexcelsus or of ammonoid
Parashumardites
Mear lowest occurrences of
Declinognathodus donetzianus andfor ;
311.7 1.1 » Idiognathoides postsulcatus conodont g;;;de m.ie:td
species, and fusulinid species
Aljutovella aljutovica.
oA | 4z ; Conodont, lowest occurrence of |52-9 T 2b0ve 0P ELBn::[:s""‘ GSSP ratified |Episodes 22 (4),
Declinognathodus nodiliferus s.1. coithem Navada. USA 1996. p.272-283, 1999

June 2004
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EON, Era, System, e (Ma) |Est. £ o o . : daraay
SQn‘e,s S,tagye ggs; on: mye Derivation of Age Principal correlative events GSSP and location Status Publication
L
Series classification approved in 2004
. " lear lowest occurrence of conodont, uide event
| 3264 | 16 o oroance Gere
! 5 i Lochriea crusiformis. is undecided
] 3453 21 5 Foraminifer, lineage Eoparastaffella | Leading candidate is
: ’ simplex morphotype 1/morphotype 2 |Pengchong, south China
Base of Bed 89, La Serre ;
i Conodont, above lowest occurrence | i e 8 Episodes 14 (4),
I 359.2 25 ; Montagne Moir, Cabriéres, Ratified 1990
I of Siphonodella sulcata southiar Erance p.331-336, 1991
Devonian time scale is
a statistical fit of a
composite
biostratigraphic
zonation (based on
Figure 8 of Williams et
al., 2000) to selected
radiometric ages
Just above major extinction horizon
Y : base of Bed 32a, upper
(Upper Kellwasser Event), including f * .
3745 | 26 . conodonts Ancyrodella and az“nggﬁe“:i?ﬁr:"" Ratified 1993 Eﬂ’m 1?;;;'
Eza{kadma ar_ni” ga::’mfs of . |France
Conodont. lowest e Base of Bed 42a', Col du Puech
: i de la Suque section, St. :
5 Ancyrodella rotundiloba (defines base ; 2 Episodes 10 (2),
385.3 26 of Polygnathus asy dirous .:l;zalra—de—u?darez. SE Ratified 1986 p.97-101, 1987
conodont Zone) e ntagne Moir, southern
|France
Conodont, lowest occurrence of :
o ot M “ : 5 Base of Bed 123, Jebel Mech . Episodes 18 (3),
base Givetian Stage 391.8 27 zfgfr:::l]emhd::nnil:::ra;ss' hr:?:r base | o dge, Tafitalt, Morocco Ratified 1994 | 17 11 1905
Base unit WP30, trench at
Canodont, lowest occurrence of i 2
TR A 3 - o |Wetteldorf Richtschnitt, Schd . Episodes 8 (2),
base Eifelian Stage S5 | Folygnathus costalus partius: MAIOT | necken-Wetteldorf, Eifel Hills, |2 "o 1200 |p.104-109, 1985
western Germany
Conodont, lowest occurrence of Base of Bed 9/5, Zinzil'ban Episodes 20 (4)
407.0 28 " Polygnathus kitabicus (= Po. Gorge, SE of Samarkand, Ratified 1995 ‘;’35240 1907
dehiscens) Uzbekistan P- i
Base of Bed 12, Velka Chuchle r
2 Conodont, lowest occurrence of : : Episodes 12 (2),
411.2 28 quarry, southwest part of Ralified 1989
Eognathodus sulcatus Pragus city, Czech Republic p.109-113, 1989
base-Devonian from D (4
scale in Cooper (this - Within Bed 20, Klonk, i
416.0 | 28 |volume), whichis 1 myr | SraPolte, owest ocoumence of | parandian area, southwest of [Ratified 1972 |DOVON"
younger than Tucker et | “1°"09"aPt Prague, Czech Republic ik
al (1998) estimate. 349 pp., 1977
'Holland and
Silurian and Ordovician Z?;:J“S(E:;}a;
e scalas afe o for the Silurian
calibrating a CONOP Systemn. Nat. Mus
composite graptolite o e o
zonation to selecte Sen'sslNo 16
radiometric ages Cardiff, 325 pp.,
1989
Pridoli Series
base Pridoli Series (not 4157 | 27 . Graptoite, owestocourence of | 1% C0 B T | ated 1064 EPS00ES 8 2)
subdivided in stages) Monograptus parultimus Pragus, Gzech Republic p.101-103, 1985
26
Imprecise. May be near base of ::a ?i:;%ﬂ:gcai:;x Lethaia 14, p.168,
4213 | 26 * Sastograptus leintwardinensi L i : Ratified 1980 |1981; Episodes 5
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graptolite zone,

Shropshire, southwest England,
UK

(3), p.21-23, 1982
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EON, Era, System,

Age (Ma)

Est. &

Derivation of Age |Principal correlative events GSSP and location Status Publication
Series, Stage GTS2004  myr 9 P
Imprecise. Just below base of local i ; ; .
acriarch Leptobrachion longhopense | ase of thalogical unit 7, Pitch Lethaia 14, p.168,
4229 | 25 " range zone. May be near base of Sf:’f'shife e thorest Enalang. [R@tiied 1980 1981; Episodes 5
Neodiversograptus nilssoni graptolite |1 pehire, southwest England, (3), p.21-23, 1982
Zone.
Graptolite, lowest occurrence of gmhp(eoal::f ng[o:?;m;drn Lethaia 14, p.168,
426.2 24 " Cyrtograptus lundgreni (defines base s socio o Ratified 1980 |1981; Episodes 5
of C. lundgreni graptolite zone) Coppics, Hormer, Shropshire, (3), p.21-23, 1982
- |southwest England, UK L !
Imprecise. Between the base of
i3 | e o o Bk ol s 1030 et
2 i amorphognathoides. May be near  |Shropshire, southwest England, @) '21‘?23 1982
base of Cyrtograptus centrifugus UK » P '
graptolite zone.
Brachiopods, just above extinction of
Eocoelia intermedia and below lowest|Locality 162 in transect d, Cefn Episodes 8 (2)
436.1 1.9 " succeeding species Eocoelia curtisi. |Cerig road, Llandovery area,  |Ratified 1984 ";"01‘1 031 93'5
Near base of Monograptus south-central Wales, UK P. L
turriculatus graptolite zone.
: Base of locality 72 in transect h,
ff?r:;agraprum I?:us;f:uc:rsr:;ﬁ::s{ Araiausy nksisy o, oo of; Episodes 8 (2)
439.0 1.8 " Cwm-coed-Aeron Farm, Ratified 1984 y
(dleﬁnss base of M?nograpfus Liandovery area, south-central p.101-103, 1985
triangulatus graptolite zone) Wales, UK
Graptolites, lowest occurrences of 1.6 m above base of Birkhill Episodes 8 (2)
443.7 1.5 " Parakidograptus acuminatus and Shale Fm., Dob's Linn, Moffat, |Ratified 1984 gﬁ— 100 1985I
Akidograptus ascensus |Scotland, UK p- '
wee | iz . e O arius., | Candidate saction s
ojsuensis graplolite biozone Wangiawan: CGhine
Potentially near first appearance of E:g:'g?;:?gﬁ::;::'ﬂ;km
4558 | 16 ine grapiolte Diplacantiograps |and Hartell Spa (S. Scotiand,
UK)
Episodes 23 (2),
- 1.4 m below phosphorite in p.102-108, 2000
460.9 | 16 " craplote, lowest occurrence of  |E1da outcrop, Fagelsang, | Ratified 2002 |(proposal; formal
agraptus gi |Scane, southern Sweden GSSP publication
in preparation).
Base of Bed AEP184, 22 m
. below top of Ningkuo Fm., 1
’ Graptolite, lowest occurrence of ! : Episodes 20 (3),
468.1 16 Huangnitang, Changshan, Ratified 1997
Undulograptus austrodentatus Zhejiang province, southeast p.158-166, 1997
China
Conodont, potentially lowest Candidate sections at Niquivil
471.8 16 . occurrence of Protoprioniodus aranda |(Argentina) and
or of Baltoniodus triangularis Huanghuachang (China)
’ Just above E bed . —
N Graptolite, lowest occurrence of 7 | . Episodes article in
478.6 1.7 : Diabasbrottet quarry, Vastergd |Ratified 2002 ;
Tetragraptus approximatus i Saliter Sicion preparation
Conodont, lowest occurrence of
lapetognathus fluctivagus; just above i
4 - Within Bed 23 at the 101.8 m :
= base of Cordylodus lindstromi = ; Episodes 24 (1),
4883 | 17 conodont Zone. Just below lowest (/%) Sreen Faint western - [Ratiied 2000 | 44,55 2001.
occurrence of planktonic graptolites. l
Currently dated around 489 Ma.
Potential GSSP comrelation levels Overview of
include Cordylodus proavus, potential
Glyptagnostus reticulatus, subdivisions in
Ptychagnostus punctuosus, Acidusus Episodes 23 (3),
atavus, and Oryctocephalus indicus. p. 188-195, 2000.

Upper ("Furongian®)
Series

June 2004
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EON, Era, System e (Ma) |Est. £
Seﬁ;s S’tag{z * 2#3'.(’00: T Derivation of Age Principal correlative events |GSSP and location  Status Publication
L
Potential GSSP levels in upper
upper stage(s) in Furongian Carmbrian are based on trilobites
and condonts
o~ Radiometric ages near |Trilobite, lowest occurrence of 369.06 m above base of
base Paibian Stage, base 501.0 20 primary marker level. |agnostoid Glyptagnostus reticulatus. Huagiao Fm, Paibi section, Ratifid 2003 Episodes article in
Furongian Series : " |Estimated age and Coincides with base of large NW Hunan province, south preparation
' uncertainty only. positive carbon-isotope excursion. | China
R:r:f” oc 9% =" |Potential GSSP levels in Middle
20 [PNTENY * |cambrian are based mainly on
Estimated age and wilobites
uncertainty only.
Potential GSSP levels in Lower
Cambrian are based on
archaeocyatha, small shelly fossils,
and to a lesser extent, trilobites
U-Pb age from Oman | Trace fossil, lowest occurrence of iizr;nbzi:;v:f?:: Z{I \sland
5420 | 10 |comcidingwihthe | Treptichnus (Phycodes) pedum. | M T L BBREEIE | e sagp  |EPisodes 17
i . negative carbon Near base of negative Per;insula i : t (1&2), p.3-8, 1994,
excursion. carbon-isotope excursion. Newfoundland. Canada
Pre-Cambrian eras and sy
SPATERAZAIC below Ediacaran are defined by
TEWQ'G bsolute ages, rather than
stratigraphic points.
“Neoproterozoic IlI"
Base of the Marinoan cap | (ratified 1990 with
Age as suggested by carbonate (Nuccaleena base defined
Ediacaran Subcomm.; |Termination of Marinoan (or Farmation), immediately chr trically
base Ediacaran System 630 bracketed by Varanger) glaciation, and distinctive | above the Elatina diamictite |at 650 Ma) was
radiometric ages of 600|C-13 change. in the Enorama Creek formally replaced
and 635 Ma section, Flinders Ranges, | by Ediacaran
South Australia. Period and its
GSSP in Feb 2004
Defined _
850 o etrically Base = 850 Ma
Defined _ ) Episodes 14 (2),
1000 ironcmetrical Base = 1000 Ma Ratified 1990 p.139-140, 1991
Defined _ - Episodes 14 (2),
1200 ch etrically Base = 1200 Ma Ratified 1990 p.139-140, 1991
Defined _ ) Episodes 14 (2),
1400 civonometically Base = 1400 Ma Ratified 1990 p.139-140, 1991
Defined ~ - Episodes 14 (2),
1600 bty Base = 1600 Ma Ratified 1990 pL135-140, 1991
Defined N . Episodes 14 (2),
1800 chronometrically JBase—1300 Ma Ratified 1990 p.139-140, 1991
Defined . ; Episodes 14 (2),
2050 ch etrically ‘Base = 2050 Ma Ratified 1990 p.139-140, 1991
Defined v . Episodes 14 (2),
2300 chronometrically jBase—nOOMa Ratified 1980 p.139-140, 1991
Defined - : Episodes 14 (2),
2500 chronomelrically Base = 2500.Ma Ratified 1990 | "439.140, 1991
d& | Defined = Episodes 14 (2),
Neoarchean Era 2800 chonortaly Base = 2800 Ma Ratified 1990 0.139-140, 1991
Defined _ ! Episodes 14 (2),
3200 chronomebically Base = 3200 Ma Ratified 1990 p.139-140, 1991
Defined = . Episodes 14 (2),
3600 chronometrically Blasei=3600 Ma Ratified 1990 | 439140, 1991
Base is not defined
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(2) Detailed direct ages for Upper Cretaceous ammonite zones
of the Western Interior of the USA were obtained by a cubic spline
fit of the zonal events and 25 4CAr-3Ar dates. The base-Turonian
age is directly bracketed by this °Ar-3%Ar set, and ages of other
stage boundaries and stratigraphic events are estimated using cali-
brations to this primary scale.

(3) Seafloor spreading interpolations were done on a composite
marine magnetic lineation pattern for the Late Jurassic through Early
Cretaceous in the Western Pacific and for the late Cretaceous
through early Neogene in the South Atlantic Oceans. Ages of bios-
tratigraphic events were assigned according to their calibration to
these magnetic polarity time scales.

(4) Astronomical tuning of cyclic sediments was used for Neo-
gene and Upper Triassic, and for portions of the Lower and Middle
Jurassic, Lower Cretaceous, and Paleocene. The Neogene astronom-
ical scale is directly tied to the Present; the older astronomical scale
provides absolute-duration constraints on polarity chrons, biostrati-
graphic zones and entire stages.

(5) Proportional scaling relative to component biozones or sub-
zones. In intervals where none of the above information under Items
1 through 4 was available, it was necessary to return to the method-
ology employed by previous time scales. This procedure was neces-
sary in portions of the Middle Triassic, and Middle Jurassic. Devon-
ian stages were scaled from approximate equal duration of a set of
high-resolution subzones of ammonoids and conodonts, fitted to an
array of high-precision dates.

The geomathematics employed for data sets (Items 1, 2, 3 and
5) constructed for the Ordovician-Silurian, Devonian, Carbonifer-
ous-Permian, Late Cretaceous, and Paleogene intervals involved
cubic spline curve fitting to relate the observed ages to their strati-
graphic position. During this process, the ages were weighted
according to their variances based on the lengths of their error bars.
A chi-square test was used for identifying and reducing the weights
of relatively few outliers with error bars that are much narrower than
could be expected on the basis of most ages in the data set.

Stratigraphic uncertainty was incorporated in the weights
assigned to the observed ages during the spline-curve fitting. In the
final stage of analysis, Ripley’s algorithm for Maximum Likelihood
fitting of a Functional Relationship (MLFR) was used for error esti-
mation, resulting in 2-sigma (95% confidence) error bars for the
computed chronostratigraphic boundary ages and stage durations.
The uncertainties on older stage boundaries generally increase
owing to potential systematic errors in the different radiometric
methods, rather than to the analytical precision of the laboratory
measurements. In this connection, we mention that biostratigraphic
error is fossil event and fossil zone dependent, rather than dependent
on linear age.

In Mesozoic intervals that were scaled using the seafloor
spreading model or proportionally scaled using paleontological sub-
zones, the assigned uncertainties are conservative estimates based on
variability observed when applying different assumptions (see dis-
cussions in the Triassic, Jurassic and Cretaceous chapters of
GTS2004). Ages and durations of Neogene stages derived from
orbital tuning are considered to be accurate within a precession cycle
(~20 kyr), assuming that all cycles are correctly identified, and that
the theoretical astronomical-tuning for progressively older deposits
is precise.

Precambrian

From the time of initial accretion and differentiation (ca. 4560 Ma)
to the first appearance of abundant hard-bodied fossils (the onset of
the Cambrian Period at 542 Ma), the Precambrian spans 88 percent
of Earth history. Yet, there is no coherent view of a geological time
scale to help describe, analyze, calibrate, and communicate the evo-
lution of planet Earth.

The status quo is a geological time scale for the Precambrian
that is both incomplete and flawed (e.g., Cloud, 1987; Crook, 1989;

Nisbet, 1991; Bleeker, 2003a), and is defined in terms of arbitrary,
strictly chronometric, absolute age boundaries that are divorced
from the only primary, objective, record of planetary evolution: the
extant rock record.

At a recent conference in Canada on the geological time scale
and its calibration (NUNA, 2003), co-sponsored by the International
Committee on Stratigraphy (ICS), there was broad consensus on the
view that this arbitrary, chronometrically defined, Precambrian time
scale fails to convey the richness of the Precambrian rock record and
therefore impedes scientific understanding of geological processes
by diverting attention away from observable, first-order, strati-
graphic boundaries and transitions.

Specific criticisms of the present Precambrian time scale are
outlined in the chapter on Precambrian by Bleeker in Gradstein et al.
(2004), but one key point deserves elaboration here: the uncertainty
in decay constants of 238U and 235U. These uncertainties (e.g., Lud-
wig, 2000) conspire in such a way that most age dates for the Pre-
cambrian (predominantly upper intercept 207Pb/20%Pb zircon ages,
particularly prior to 1 Ga) have a non-trivial fundamental “fuzzi-
ness” (e.g., about +6.5 million years at ca. 2500 Ma). This funda-
mental uncertainty increases to +10 million years at 4000 Ma. Defi-
nition of boundaries in terms of arbitrary, round, absolute ages,
although superficially appealing, is therefore naive. Absolute-age
correlation of such boundaries between distant sections, on the basis
of even our best geochronometer (U-Pb ages on single zircons), can
be no better than +£5-10 million years (in terms of linear ages), even
if all other sources of uncertainty (e.g., analytical scatter, Pb loss, or
cryptic inheritance) are negligible. In principle, this fundamental
uncertainty could be reduced by defining boundaries explicitly in
terms of 207Pb/296Pb zircon ages or isotopic ratios, rather than linear
age, but this would make any time scale even less transparent. Fur-
thermore, it would not solve the problem of intercalibration between
different chronometers.

Clearly, there can only be one conclusion: the Precambrian time
scale should be (re)defined in terms of the only objective physical
standard we have, the extant rock record. Boundaries should be
placed at key events or transitions in the stratigraphic record, to high-
light important milestones in the evolution of our planet. This would
be analogous to the “golden spike” GSSP approach employed in the
Phanerozoic. Various geochronometers (U-Pb; 40Ar-39Ar; Re-Os,
etc.), each with their own inherent but independent uncertainties,
should be employed to calibrate meaningful stratigraphic boundaries
in linear time. The ultimate result should be a calibrated “natural”
time scale for planet Earth that reflects first-order events and transi-
tions in its complex evolution.

To achieve this ‘natural’ time scale we propose that the
2004-2008 mandate of the International Subcommission on the Pre-
cambrian under ICS is a comprehensive and internally consistent, as
well as practical, “natural” time scale for planet Earth. This ‘natural’
time scale should be complete with agreed upon “golden spikes” and
type sections (i.e., GSSPs) for all Precambrian eon and era bound-
aries, and, where needed, for those of periods (systems).

Such an international effort would help focus significant atten-
tion on key stratigraphic boundaries and type sections, and, in turn,
will stimulate multidisciplinary science into the causes for specific
boundaries and transitions, the fundamental processes involved,
their rates, and their calibration in absolute time.

Building on efforts by the previous Subcommittee on Precam-
brian Stratigraphy (e.g., Plumb, 1991), such a “naturalizing” of the
Precambrian time scale could largely preserve existing nomencla-
ture, in so far as it has gained acceptance in the literature, while for-
malizing other eon and era names that are in widespread use today,
e.g. the Hadean. Thus, by 2008, we would have, for the first time, a
complete and natural time scale that reflects and communicates the
entire, protracted, and complex evolution of planet Earth.

Figures 3 and 4 highlight the key points of this discussion. Fig-
ure 3 shows the formal current subdivision of the Precambrian,
annotated with known key events in Earth’s evolution. The practical
Geon scale from Hofmann (1990, 1991) provides a quick chrono-
metric shorthand notation. The interval highlighted “early Earth” is
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an informal designation commonly used for Earth’s first giga-year
from the time of accretion to ~3.5 Ga. Exponentially decreasing
impact intensity (curve on right) is schematic and includes the “late
heavy bombardment” episode. Stars indicate Sudbury and Vredefort
impact craters with diameters >50 km.

In the proposed “natural” Precambrian time scale, Earth history
is divided into six eons, with boundaries defined by what can be con-
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sidered first-order “watersheds” in the evolution of our planet (Fig-
ure 4). The six eons can be briefly characterized as follows:

(1) “Accretion & Differentiation” — planet formation, growth
and differentiation up to the Moon-forming giant impact event;

(2) Hadean (Cloud, 1972) — intense bombardment and its con-
sequences, but no preserved supracrustals;

Neoarchean

2800
~2820

"Early Earth"

Cambrian radiation & first shelly metazoan fossils

Amalgamation of supercontinent Rodinia

Amalgamation of Earth's first supercontinent: Nuna

Sediment-dominated passive margin sequences
Progressive rifting, break-up and dispersal of late Archean supercratons

Giant BIFs (banded iron formations), e.g. Hamersley Basin

1
Geon| [Eon Era Age (Ma)
Ph| Paleozoic
: - 542 Emergence of Ediacaran metazoans
Global glaciations ("Snowball Earth”)
Neo- Acraman impact, Austria
. Beaverhead impact, USA
proterozoic
1000
o Meso- ~1267 Mackenzie giant radiating dyke swarms
Q | proterozoic
g
-— 1600
(@]
=
AL
Sudbury impact structure
Gunflint microfossils
Vredefort impact structure
Bushveld layered intrusion
Paleoproterozoic glaciations
2450 | Matachewan giant radiating dyke swarm
2500 1§ Archean-Proterozoic boundary (defined)
~2574 \Great Dyke, Zimbabwe craton

~2680-2580 Craton-scale strike-slip faults: rigid plates

Eukaryote chemofossils
2730-2700: widespread (global?) flood basalt volcanism & komatiites

Central Slave Cover Group, Slave craton
3000-2800: transient stability of most Archean cratons as indicated by
widespread quartzite-bandied iron formation-komatiite cover sequences,
e.g. Central Slave Cover Group. Steep Rock succession. Witwatersran

Fig Tree & Moodies Group, Barberton greenstone belt

Onverwacht Group, Barberton greenstone belt

Oldest microfossils: Apex chert, Warrawoona Group
Regional basement complexes of several Archean cratons
pre-Warrawoona & Onverwacht supercrustals

Younger tonalites & granites at Acasta

Isua greenstone belt, Greenland
Oxygenic photosynthesis

Oldest supracrustals and chemofossils: Isua, Akilia
Late heavy bombardment ("lunar cataclysm')

Onset of inner core crystallization & generate of Earth's magnetic field
sometime prior to life's colonization of shallow hydrosphere (undated)
Acasta gneisses

Emergence of life?
Detrital zircons

Oldest detrital zircons & early hydro/atmosphere
Differentation complete & accretion of late veneer

Giant impacts & formation of Moon & superheated Fe, Ni core
Accretion & formation of differentiated meteorites
Condensation & CAls
Solar Nebula collapse
Pre-Solar dust particles

Impact cratering intensity ——————=

Figure 3 Formal subdivisions of the Precambrian annotated with key events in Earth’s evolution. Geon scale from Hofmann (1990, 1991)

provides a quick chronometric shorthand notation.
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Eon Era Age Key Event Lunar Scale
Ma
) present
W g5  First-order extinction and radiation
N
g : ~250 First-order extinction and radiation
& ~542 Cambrian radiation
] ~600 Emergence of Ediacaran metazoans
Neo-
proterozoic
Q
8 ~1267 Mackenzie giant radiating dyke swarms
(@]
o| Meso-
-— .
O | proterozoic
[
0 - 1~1800 Assembly of first supercontinent
1~2300 First continental red beds
Transiton | ekakeiemed
- ~2600 Onset of giant BIFs, Hamersley Basin
Neoarchean - :
- o850 Basal Fortescue Group unconformity Eratosthenian
e Zepin Basal Ngezi Group (Manjeri Fm.) unconformity
3100 Basal Gorge Creek Group &
Dominion Group unconformity
Orientale
3850 Oldest (preserved) _ Link to lunar strati raphg‘? :ggggﬂﬂ impact
supracrustals Imbrium impact ?‘"335 ) E ~3920 Nectaris
I impact
]
I
) e Link to lunar
~4510 Moon-forming giant impact —» :
P%Gonsss ~4360 Acoretion and differentiaion _ Stratigraphy

Figure 4 Proposal for a “natural” Precambrian time scale. Earth history is divided into six eons, with boundaries defined by what can be

considered first-order key events in the evolution of our planet.

(3) Archean — increasing crustal record from the oldest
supracrustals of Isua greenstone belt to the onset of giant iron for-
mation deposition in the Hamersley basin, likely related to increas-
ing oxygenation of the atmosphere;

(4) “Transition” — starting with deposition of giant iron forma-
tions up to the first bona fide continental red beds;

(5) Proterozoic — a nearly modern plate-tectonic Earth but
without metazoan life, except at its very top; and

(6) The Phanerozoic— characterized by metazoan life forms of
increasing complexity and diversity.

Some of the boundaries are currently poorly calibrated in
absolute time, whereas the onset of the Archean should “float” with
the oldest preserved supracrustal rocks, a distinction currently held
by ~3820-3850 Ma rocks of the Isua greenstone belt. Comparison is

shown to the lunar time scale (e.g., Guest and Greeley, 1977; Murray
et al., 1981; Spudis, 1999).

Neogene

The most detailed segment of the modern geologic time scale in
terms of resolution and accuracy is that for the Neogene, 23 Ma to
Recent. The subdivision of the Neogene into its constituent stages is
presently well established and internationally accepted for the pre-
Pleistocene part (Table 1). New ICS task groups have been orga-
nized under the umbrella of the Subcommission on Quaternary
Stratigraphy to establish an international Pleistocene subdivision of
Lower, Middle and Upper, and to define the Holocene/Pleistocene
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boundary. GSSPs have been formalized for the Aquitanian (defining
the Paleogene/Neogene boundary), Tortonian and Messinian stages
of the Miocene, and for the Zanclean, Piacenzian and Gelasian
stages of the Pliocene. In addition, the Pliocene-Pleistocene bound-
ary has been defined.

From the 1970’s until 1994, Neogene time scales were con-
structed using a limited number of radio-isotopic age calibration
points in geomagnetic polarity sequences that were primarily
derived from a seafloor anomaly profile in the south Atlantic, modi-
fied after Heirtzler et al. (1968). Biozonations and stage boundaries
were subsequently tied to the resulting geomagnetic polarity time
scale (GPTS), preferably via magneto-biostratigraphic calibrations
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(Berggren et al., 1985). Alternatively, radio-isotopic age determina-
tions from both sides of stage boundaries were used to calculate a
best-fit radio-isotopic age estimate for these boundaries in a statisti-
cal way (chronogram method of Harland et al., 1982, 1990).

The “standard” method to construct time scales changed drasti-
cally with the advent of the astronomical dating method to the pre-
late Pleistocene. This method relies on the calibration, or tuning, of
sedimentary cycles or cyclic variations in climate proxy records to
target curves derived from astronomical solutions for the solar-plan-
etary and Earth-Moon systems. Quasi-periodic perturbations in the
shape of the Earth’s orbit and the tilt of the inclination axis are
caused by gravitational interactions of our planet with the Sun, the

Neogene Time Scale
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Figure 5a

Neogene stratigraphic subdivisions, geomagnetic polarity scale, pelagic zonations and selected datums of planktonic

Sforaminifers and calcareous nannoplankton. Main trends in eustatic sea level are generalized. The “Quaternary”, shown schematically on
the right-hand side, is traditionally considered to be the interval of oscillating climatic extremes (glacial and interglacial episodes) that was
initiated at about 2.6 Ma, therefore encompassing the Holocene and Pleistocene epochs and Gelasian stage of late Pliocene. The
Quaternary composite epoch is not a formal unit in the chronostratigraphic hierarchy.
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Moon and the other planets of our solar system. These interactions
give rise to cyclic changes in the eccentricity of the Earth's orbit,
with main periods of 100,000 and 413,000 years, and in the tilt
(obliquity) and precession of the Earth's axis with main periods of
41,000, and 21,000 years, respectively (Berger, 1977). These pertur-
bations in the Earth's orbit and rotation axis are climatically impor-
tant because they affect the global, seasonal and latitudinal distribu-
tion of the incoming solar insolation. Orbital forced climate oscilla-
tions are recorded in sedimentary archives through changes in sedi-
ment properties, fossil communities, chemical and isotopic charac-
teristics. While Earth scientists can read these archives to reconstruct
paleoclimate, astronomers have formulated models based on the
mechanics of the solar-planetary system and the Earth-Moon system
to compute the past variations in precession, obliquity and eccentric-
ity of the Earth’s orbit and rotation axis. As a logical next step, sed-

imentary archives can be dated by matching patterns of paleoclimate
variability with patterns of varying solar energy input computed
from the astronomical model solutions. This astronomical tuning of
the sedimentary record results in time scales based on measurable
physical parameters that are independent from those underlying
radio-isotopic dating and that are tied to the Recent through a direct
match with astronomical curves.

Astronomical tuning was first applied in the late Pleistocene in
order to build a common high-resolution time scale for the study of
orbital induced glacial cyclicity. Initial attempts to extend this time
scale back in time were unsuccessful due to lack of resolution or
incompleteness of the sedimentary succession. These problems were
overcome with the advent of the advanced piston corer (APC) tech-
nique in ocean drilling and the drilling of multiple offset holes per
site. Combined these innovations were used to construct spliced
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Figure 5b
foraminifer zones.

Neogene dinoflagellate cyst and radiolarian zonation with estimated correlation to magnetostratigraphy and planktonic

June 2004



composite sections in order to recover undisturbed and complete
successions marked by high sedimentation rates. Soon afterwards,
the astronomical time scale was extended to the base of the Pliocene
based on ODP sites (Shackleton et al., 1990) and land-based sections
in the Mediterranean (Hilgen, 1991a.b), the study of the latter pro-
viding another means to overcome the problem of incompleteness of
the stratigraphic record.

GTS2004 for the first time presents an Astronomically Tuned
Neogene Time Scale (ATNTS2004), based on cyclic sedimentary
successions from the western Equatorial Atlantic Ocean and
Mediterranean. The new time scale represents a continuation of a
development that led Berggren et al. (1995a) to incorporate the
Pliocene and Pleistocene astrochronology of Shackleton et al. (1990)
and Hilgen (1991a, b) in their Neogene time scale.

Construction of the new high-resolution Neogene time scale
was made possible through:

(1) Technological and procedural improvements in deep-sea
drilling of older Neogene strata,

(2) High-resolution studies of exposed marine sections in tec-
tonically active areas where ancient seafloor has been rapidly
uplifted, and

(3) Improvements in the accuracy of theoretical astronomical
solutions resulting in the La2003 numerical solution.

A seafloor anomaly profile from the Australia-Antarctic plate
pair was employed to complete the polarity time scale for the inter-
val between 13 and 23 Ma due to the lack of magnetostratigraphic
records for ODP Leg 154 sites. Biostratigraphic zonal schemes are
either directly tied to the new time scale via first-order calibrations,
such as the standard low-latitude calcareous plankton zonation, or
can be linked to it by recalibrating them to the associated polarity
time scale. Formally designated chronostratigraphic boundaries
(GSSPs of Neogene stages) are also directly tied to the new time
scale because they are defined in sections that have been used to
build the astronomically tuned integrated stratigraphic framework
that underlies the time scale. An overview of the tuned Neogene
stratigraphic framework is in Figures 5a and b.

The new time scale resulted in a significantly younger age of
23.03 Ma for the Oligocene-Miocene boundary than the 23.8 Ma
estimated in previous time scales; the latter age was based on radio-
metric age determinations that are not fully acceptable according to
current standards. The intercalibration of the independent astronom-
ical and radiogenic-isotopic dating methods is not yet solved, but
new results (Kuiper, 2003) point to an astronomical-derived age of
28.24 +0.01 Ma for the Fish Canyon Tuff (FCT) sanidine and favor
the introduction of a directly astronomically dated standard in 40Ar-
39Ar dating.

The astronomically tuned Neogene time scale with an unprece-
dented accuracy (1-40 kyr) and resolution (<10 kyr), opens new per-
spectives for paleoclimatic and paleooceanographic studies of the
entire Neogene with a temporal resolution comparable to that of
Pleistocene research (i.e., Krijgsman et al., 1999; Zachos et al.,
2001).

GTS Quo Vadis?

The changing philosophy in time scale building has made it more
important to undertake high-resolution radiometric study of critical
stratigraphic boundaries, and extend the astronomical tuning into
progressively older sediments. Good examples are Bowring et al.
(1989) for basal-Triassic, Amthor et al. (2003) for basal-Cambrian
and Hilgen et al. (2000) for Messinian. The philosophy is that
obtaining high-precision age dating at a precisely defined strati-
graphic boundary avoids stratigraphic bias and its associated uncer-
tainty in rock and in time.

In this respect, it is of vital importance that ICS not only com-
pletes the definition of all stage boundaries, but also actively consid-
ers definition of standardized subdivisions within the many long
stages itself. Examples of long stages (spanning more than 10 myr)
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that lack international standardization of internal divisions are the
Campanian, Albian, Aptian, Norian, Carnian, Sakmarian, Visean,
Tournaisian, Famennian and Tremadocian stages, and parts of the
Cambrian system. This consensus definition process should be com-
pleted in a timely manner. Regional and philosophical arguments
between stratigraphers should be actively resolved to reach consen-
sus conclusions which focus on the global correlation implications.
Stratigraphic standardization precedes linear time calibration.

Future challenges to time scale building, detailed in Gradstein
et al. (2004), may be summarized as follows:

(1) Formal definition of all Phanerozoic stage boundaries, and
interior definition of long stages.

(2) Orbital tuning of polarity chrons and biostratigraphic events
for the entire Cenozoic and Cretaceous (past 150 myr).

(3) A consensus Ar/Ar monitor age (? 28.24 +0.01 Ma from
orbital tuning), and consensus values for decay constants in the K-Ar
isotope family.

(4) A detailed public database of high-resolution radiometric
ages that includes “best practice” procedures, full error propagation,
monitor ages and conversions.

(5) Resolving of zircon controversies across Devonian/Car-
boniferous, Permian/Triassic, and Anisian/Ladinian boundaries,
either through more sampling or re-evaluation of different laboratory
techniques.

(6) Detailed age dating of several ‘neglected’ intervals, includ-
ing Upper Jurassic—-Lower Cretaceous (M-sequence spreading and
‘tuned’ stages), base Carboniferous (Kellwasser extinction event;
glaciation), and within Albian, Aptian, Norian, Carnian, Visean, and
intra Permian.

(7) More detailed composite standard zonal schemes for Upper
Paleozoic and Lower Mesozoic.

(8) On-line stratigraphic databases and tools (e.g., a rapid
expansion of the CHRONOS network).

The geochronological science community and ICS are focusing
on these challenging issues. The next version of the Geologic Time
Scale is planned for the 33rd IGC in 2008, concurrent with the
planned completion of boundary-stratotype (GSSP) definitions for
all international stages.
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