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Marine Magnetic Anomaly Timescales for the Cenozoic and Late Cretaceous: 
A Pr6cis, Critique, and Synthesis 
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Anomaly timescales for the last 90 million years, derived from marine magnetic profiles and published 
prior to mid-1979, are summarized, illustrated for comparison, and critically reviewed. A revised time- 
scale is constructed using calibration points which fix the ages of anomalies 2.3', 5.5, 24, and 29. An equa- 
tion is presented for converting K-Ar dates that is consistent with the recent adoption of new decay and 
abundance constants. The calibration points used in the revised timescale are so converted, as are the 
boundary ages of geologic epochs within the range of the timescale. 

INTRODUCTION 

A little less than 14 years have passed since the first pub- 
lication of timescales derived from seafloor spreading mag- 
netic anomalies, and in that time, numerous additions and re- 
visions have been made to them. Biostratigraphic results from 
the Deep-Sea Drilling Project (DSDP) have confirmed the 
general accuracy of such timescales and have also been used 
to calibrate portions of them. Radiometrically determined 
timescales have better defined the polarity reversal boundary 
ages for portions of the late Neogene. Core magneto- 
stratigraphic data have been used to increase the resolution of 
portions of the anomaly timescales and have also been used to 
calibrate them. Recently, new decay and abundance constants 
have been adopted for use in potassium-argon dating meth- 
ods, increasing the accuracy, and to some extent the con- 
fusion, of age assignments made using anomaly timescales. 
Within the last 4 years at least four new versions of Cenozoic 
marine magnetic anomaly timescales have been published. 

This paper resulted from what began as a brief literature re- 
view, the object of which was to select an anomaly timescale 
for use in interpreting the detailed tectonic history of the Riv- 
era and Juan de Fuca plates. In the process of this review it 
became apparent first that the literature on the topic has be- 
come very extensive and second that evidence exists in sup- 
port of making still further revisions to the general history of 
the geomagnetic field as it is expressed in the seafloor record. 

We review those major papers published since 1966 which 
provide either tables or formulae for determining boundary 
ages for anomaly source bodies. We also review certain other 
papers that offer important criticisms or suggestions con- 
cerning anomaly timescales. We do not discuss the develop- 
ment of late Neogene radiometrically determined polarity 
timescales but do include figures illustrating some of those 
used to calibrate anomaly timescales (Figures 1 and 3). We re- 
fer readers wishing such a review to a paper by Watkins 
[19721. 

Our Figure 2 illustrates the marine anomaly timescales dis- 
cussed and includes the boundary age assignments made by 
previous workers. We hope it will save others some time and 
confusion. 

We present an equation for converting old K-At dates to 
corrected values consistent with the change in decay and 
abundance constants and use this equation to convert certain 
radiometric and biostratigraphic dates necessary in construct- 
ing a revised timescale, here named NLC-80. We offer time- 
scale NLC-80 as an up-to-date but temporary synthesis and 
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carefully specify how it was constructed. Finally, we criticize 
our own timescale and provide some alternative inter- 
pretations. 

For economy we discuss particular boundary ages for 
anomaly source bodies, using a convention which distin- 
guishes older from younger. For example, the older boundary 
of anomaly 29 is designated 29(o), and the younger boundary 
29(y). We also refer to published timescales in an abbreviated 
form. Thus the timescale of Blakely and Cox [1972b] becomes 
BC-72, and so on. Also for economy, and to avoid ambiguity, 
we use the abbreviation MY instead of m.y. or Ma to signify 
millions of years. We adopt the anomaly numbering scheme 
employed by Heirtzler et al. [1968] in their timescale HDHPL- 
68 and include the revised numberings of Blakely [1974], Klit- 
gord et al. [1972, 1975], and LaBrecque et al. [1977]. We add 
certain anomaly numbers in NLC-80 consistent with prior us- 
age. 

PREVIOUSLY PUBLISHED MAGNETIC ANOMALY 

TIMESCALES 

PH-66 and V-68 

When Vine and Matthews [1963] first suggested that seafloor 
magnetic anomalies might be related to geomagnetic field re- 
versals, they could only offer their hypothesis as speculation, 
since the available evidence for reversals was extremely lim- 
ited. At that time the results of Cox et al. [1963a], which were 
based upon only nine dated rock samples having determined 
polarities, were insufficient even to determine which of two 
proposed and very rudimentary reversal timescales might be 
most correct (Figure 1, bottom). However, by the following 
year, Cox et al. [1964] had compiled the results of several 
studies and proposed a more detailed reversal timescale based 
upon 64 dated samples. This scale was sufficiently detailed 
such that Vine and Wilson [ 1965] used it to generate synthetic 
seafloor spreading magnetic anomalies using the Vine and 
Matthews model. Vine and Wilson compared observed pro- 
files from the Juan de Fuca and Pacific-Antarctic ridges with 
one another and with synthetic anomaly profiles and demon- 
strated both theft similarity and their individual axial symme- 
try. 

It is noteworthy that Vine and Wilson found certain dis- 
crepancies between the observed and synthetic anomalies 
which they attributed to noncontinuous spreading rates. In 
fact, the discontinuities were caused by inadequacies in the 
timescale used. The so-called Jaramillo event (anomaly 1') 
was not distinguished until the following year by Doell and 
Dalryrnp!e [1966], and Vine and Wilson had mistakenly iden- 
titled it as the Gilsa event (anomaly 2). Recognition of the 
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Fig. 1. Radiometrically dated magnetic polarity timescales pub- 
lished between 1963 and 1969. Several have been used to provide cali- 
bration points for marine magnetic anomaly timescales as discussed 
in the text. 

Jaramillo event made the error immediately obvious to Fine 
[1966], who pointed out that if he and Wilson had had more 
faith in the constant spreading assumption, they could have 
predicted the Jaramillo event using marine and anomaly pro- 
files. 

This observation was also apparent to Pitman and Heirtzler 
[1966]. They generated a timescale (PH-66) for the last 10 MY 
(Figure 2) using profiles from the Pacific-Antarctic Ridge and 
an assumed half-spreading rate of 4.5 cm/yr, which yielded 
results consistent with the radiometric timescales published to 
that time. Pitman and Heirtzler next compared anomalies 
from the Reykjanes Ridge in the North Atlantic with syn- 
thetic anomalies generated using their South Pacific timescale, 
noted their similarity, and remarked that the spreading rates 
in the two regions were probably constant over the last 10 MY 
unless both rates had changed simultaneously and in similar 
proportion. 

Fine [1966] assembled a composite radiometric timescale 
which was based upon Cox et al. [1964] and Doell and Dal- 
ryrnple [1966], though not exactly similar to them, at least 
with respect to the Gilsa event (anomaly 2). He then used this 
timescale to determine spreading rates for the Reykjanes, 
Juan de Fuca, Pacific-Antarctic, northwest Indian, and South 
Atlantic ridges and again demonstrated their similarity and 
symmetry. In his paper, Vine generated an extrapolated ma- 
rine magnetic anomaly timescale for the last 11.5 MY using 
Eltanin cruise 19 data from the Pacific-Antarctic Ridge and a 
4.4-cm/yr half-spreading rate. He did not publish a table of 
the anomaly boundary ages. However, 2 years later the V-68 

timescale [Fine, 1968] was published in the revised pro- 
ceedings of a symposium on the history of the earth's crust 
held in 1966. Using magnetic profiles obtained from the East 
Pacific Rise at 51 øS, the Juan de Fuca Ridge at 48øN, and the 
Reykjanes Ridge at 60øN, Vine first assumed constant rates of 
seafloor spreading for each of these three areas and then de- 
termined those rates and the reversal ages derived from them 
by comparison with the detailed radiometric timescale of Cox 
et al. [1968] (Figure 1). Vine next examined an extended mag- 
netic profile (Eltanin 19N) obtained from the East Pacific Rise 
at 51 øS (the Pacific-Antarctic Ridge), and by now assuming 
an overall half-spreading rate of 4.6 cm/yr, he generated an 
extrapolated marine magnetic anomaly timescale good to ap- 
proximately 11 MY Oust short of anomaly 5A). 

Using this South Pacific scale, Vine again went on to dem- 
onstrate that the extended pattern of anomalies there was sim- 
ilar in character to that of magnetic profiles obtained from the 
North and South Atlantic oceans, the Indian Ocean, and the 
North Pacific Ocean, these differing only in their rates of sea- 
floor spreading. He next generated a block model for mag- 
netic source bodies, in the approximate range of anomalies 
21-33, from a central North Pacific Ocean profile and com- 
pared synthetic anomalies generated from the model with pro- 
files obtained from the southwest Pacific and northeast Atlan- 

tic oceans. The comparison indicated that these also only 
differed in their respective spreading rates. Following an car- 
licr extrapolation [Fine, 1966], these anomalies were estimated 
to range in age from approximately 50 to 75 MY. 

These early results of Vine, Wilson, Pitman, and Hcirtzlcr 
clearly and quantitatively supported the validity of the Vine 
and Matthews hypothesis and made it apparent that given 
sufficient data, an extended magnetic reversal timescale could 
be constructed using seafloor magnetic anomalies. 

HDHPL-68 

Without doubt, the magnetic anomaly timescale most 
widely employed to date has been that of Heirtzler et al. 
[1968]. In a consecutive series of four papers published in the 
March 1968 edition of the Journal of Geophysical Research the 
authors of HDHPL-68 compared the relative distances to par- 
ticular marine magnetic anomalies from the crests of spread- 
ing ridges in the North and South Pacific, the South Atlantic, 
and the Indian oceans and used these to select a single long 
profile to use for generating a continuous, standard magnetic 
anomaly timescale. The objective, of course, was to choose a 
profile that was apparently free of any evidence of changes in 
the rate of seafloor spreading. Heirtzler et al. ruled out an In- 
dian Ocean profile because it only extended to anomaly 16 
and a North Pacific profile because the mapped pattern of 
anomalies was distorted near the Juan de Fuca and Gorda 

ridges. They also rejected a South Pacific profile because it in- 
dicated major accelerations in spreading rates near anomaly 5 
and anomaly 24 when compared with both North Pacific and 
South Atlantic profiles. The South Pacific spreading rate age 
for anomaly 6 also violated a paleontologically determined 
age for the base of a sediment core taken in the North Pacific 
over that anomaly. 

Heirtzler et al. selected the South Atlantic, Fema-20, profile 
as standard and calibrated the age of anomaly 2.3'(0) at 3.35 
MY, consistent with radiometric age determinations for that 
boundary made on subaerial basalts by Doell et al. [1966] and 
by McDougall and Chamalaun [1966] (Figure 1). They deter- 
mined a 1.9-cm/yr half-spreading rate for the profile and ex- 
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trapolated the spreading rate versus distance relationship to 
approximately 80 MY, beyond anomaly 32. This timescale 
was consistent with the Cretaceous age determination of a 
sediment core from the South Atlantic near anomaly 31 and 
also in close agreement with the earlier estimate made for the 
age of that anomaly by Vine [1966]. 

The remarkable 80-MY extrapolation made by Heirtzler et 
al. [1968] from a calibration date of 3.35 MY was supported at 
the time it was made by only the most tenuous of evidence, a 
single Late Cretaceous core. Yet, for the most part, magnetic 
anomaly timescales published after HDHPL-68 are only mod- 
est revisions, additions, or reealibrations of it, and the general 
plate tectonics reconstructions made using that scale as a time 
base are still valid. Today, however, greater resolution and ac- 
curacy are required for understanding both the finer scale 
phenomena of plate motions and the short-period behavior of 
the earth's field. The disadvantage in HDHPL-68 is that it was 
generated from a single sinuous profile obtained from the rel- 
atively slow spreading South Atlantic Ridge. This affected 
both its resolving power and its accuracy. Note, for example, 
that it fails to resolve anomaly 2.2' and anomaly 4.3' source 
blocks, while timescale V-68, which was generated from fast- 
ridge data, resolved both. 

C-68 

In a paper devoted primarily to a statistical study of the 
length of polarity intervals, Cox [1968] constructed a hybrid 
timescale of radiometric, core magnetostratigraphic, and ma- 
rine anomalies. From 0 to 3.2 MY the scale was based on ra- 

diometric ages from Cox et al. [1968] and on studies of the 
paleomagnetism of deep-sea sediment cores. Beyond anomaly 
2.Y(o), at 3.32 MY, the V-68 scale of Vine was compressed by 
a ratio of 3.32/3.37. To our knowledge this scale was never 
used in any tectonic reconstructions. 

TWL- 71 

From a comprehensive survey of the Reykjanes Ridge 
south of Iceland, which employed satellite navigation tech- 
niques, Talwani et al. [ 1971] generated timescale TWL-71. Av- 
erage distances between the ridge crest and prominent anoma- 
lies were determined along 12 closely spaced profiles made 
perpendicular to the ridge. Then, assuming that the HDHPL- 
68 age for anomaly 5(o) of 9.94 MY was correct and that 
spreading on the Reykjanes Ridge had been constant since 
that time, a residual distance versus time curve was con- 
structed comparing measured distances with distances pre- 
dicted using HDHPL-68. The residuals were considered to 
represent errors in the timescale of Heirtzler et al. [1968]. A 
new hybrid scale was constructed using radiometric age data 
from Cox [1969] (modified by core magnetostratigraphic in- 
formation) to anomaly 2.3'(o) at 3.32 MY. Anomaly 3.1'(y) 
was fixed at 5.18 MY as a compromise between residual dis- 
tance data which indicated a corrected age of 5.31 MY and a 
date of 5.06 MY assigned by Foster and Opdyke [1970] using 
core magnetostratigraphy. Beyond anomaly 3.1'(y) the resid- 
ual distance data alone were used to correct HDHPL-68. The 

advantage of TWL-71 over HDHPL-68 is that many closely 
spaced and parallel profiles were used in its construction. This 
technique reduces noise and eliminates questions about the 
ideal two-dimensionality of the seafloor spreading anomalies. 
The disadvantages in TWL-71 are first that it was generated 
from profiles obtained over a slow spreading ridge, which lim- 
its its resolution, and second that it is a hybrid, compromise 

scale and therefore difficult to put to certain kinds of use with- 
out risking circularity. 

MS-71 

From an analysis of shipboard and aeromagnetic profiles 
obtained in the Indian Ocean, McKenzie and $clater [1971] 
proposed modifications and additions to HDHPL-68 beyond 
anomaly 30. A determination was made of the average dis- 
tances between particular anomalies in the range of anomalies 
22 to 33. This information was then compared with similar 
data from the North Pacific Ocean at 40øN from a study by 
Raft [1966] and from the South Atlantic Ocean using the 
Vema 20 data from Dickson et al. [1968]. In this anomaly 
range, the South Atlantic distance data were found to be lin- 
early proportional to the North Pacific distance data, at least 
as far back as anomaly 30. McKenzie and $clater [1971] there- 
fore assumed that variations in the Indian Ocean distance 

data were due to changes in Indian Ocean spreading rates oc- 
curring near the times of anomalies 23 and 31. North Pacific 
distance data were then used to generate MS-71; however, no 
details of these data were presented in the paper. 

BC-72 

Blakely and Cox [1972b], using the same signal-enhancing 
techniques applied in an earlier paper [Blakely and Cox, 
1972a], analyzed six magnetic profiles from the northeast Pa- 
cific Ocean in order to resolve short-term magnetic polarity 
events within the range of anomalies 21 to 29. Profiles were 
first reduced to the pole to eliminate asymmetry, then 
stretched to a common spreading rate by fitting major anoma- 
lies to HDHPL-68. The profiles were then algebraically aver- 
aged to attenuate noise. Six short-polarity intervals were rec- 
ognized and included in BC-72 as modifications to HDHPL- 
68. Subsequently, three-component magnetometer data were 
obtained from a low-altitude aeromagnetic profile over the 
original survey area [Blakely et al., 1973]. These data sup- 
ported the two-dimensionality of the source bodies associated 
with the two longest of the six previously determined polarity 
intervals and indicated the possible presence of an additional 
new polarity interval. The data were too noisy, however, to 
confirm the presence of the other four short intervals in ques- 
tion. 

Cande and LaBrecque [1974] pointed out that very short 
polarity intervals are virtually indistinguishable from large, 
single-polarity, geomagnetic intensity fluctuations, when ob- 
served from the ocean surface. The issue of distinguishing in- 
tensity fluctuations from true polarity reversals is significant 
for those studies concerning the origin and behavior of the 
field. However, our original purpose in conducting this review 
was to adopt or to construct a marine magnetic anomaly time- 
scale for use in making detailed plate tectonic reconstructions. 
Therefore to the extent that a particular anomaly is a common 
feature of appropriate magnetic profiles, it is a useful time 
marker and should be included in the timescale. Features of 

short duration are particularly useful in distinguishing be- 
tween anomalies when dealing with relatively short magnetic 
profiles. Strictly, the determination of whether or not a par- 
ticular short-duration anomaly truly represents a field reversal 
requires independent paleomagnetic confirmation. Practi- 
caBy, in plate tectonics applications it is not required. Logi- 
cally, the burden of proof appears to be on those who would 
argue that any particular two-dimensional, marine magnetic 
anomaly is not due to a geomagnetic field reversal. Anomaly 
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polarity timescales are essentially identical to radiometric 
polarity timescales, at least for the last 3.5 MY. To accept this 
and then argue without proof that any older two-dimensional 
anomaly is not due to a field reversal is inconsistent. More- 
over, short-polarity events are documented, but intensity fluc- 
tuations of the type needed to produce single-polarity wiggles 
are not. 

In constructing the NLC-80 timescale we include only the 
two longer events of BC-72, whose presence was supported by 
the subsequent three-axis magnetometer study of Blakely et 
al. [1973]. It js worth noting that the four events of BC-72 
which are omitted from NLC-80 are of normal polarity and 
their duration is only of the order of 0.02 MY. 

KMN- 72 

Using a deep-tow magnetometer and a bottom transponder 
navigation system, Klitgord et al. [1972] conducted two sepa- 
rate surveys, 6 months apart, of the seafloor off of the south- 
ern tip of Baja California. Magnetic observations from both 
surveys were used to determine the average spatial distribu- 
tion of anomalies 3.2, 3.3, and 3.4. This information was then 
used to generate a revised timescale, for the interval studied, 
by fixing anomaly 3.2(y) at 4.01 MY, the TWL-71 age for that 
boundary, and by applying an overall 3.15-cm/yr half-spread- 
ing-rate value to the distance information. The spreading rate 
was determined by the regression of anomaly distances, from 
the nearby ridge crest, onto the TWL-71 timescale. 

The accuracy of KMN-72 is questionable. Since no com- 
mon transponders were used between the two survey sections, 
one survey was adjusted to the other by using bathymetric 
features yielding 'a final relative position accuracy of less than 
200 m.' However, absolute positioning was with radar and 
therefore 'only accurate to within a few kilometers.' Both es- 
timates seem optimistic, particularly since the mapped orienta- 
tion of anomalies 3.2, 3.3, and 3.4 is about 35 ø , while the 
strike of the ridge crest is about 21 ø and the strike of anomaly 
5 is more nearly north-south. The authors themselves noted 
the discrepancy and suggested that it could have been due ei- 
ther to survey orientation errors, which raises the question of 
navigational accuracy, or to the existence of unmapped frac- 
ture zones, which casts doubt upon the matching of bathymet- 
ric features. The survey area has undergone large-scale tec- 
tonic reorientations since at least anomaly 5 time. 

B-74 

Blakely [1974], using the same signal-enhancing techniques 
employed in generating BC-72, analyzed 14 parallel and 
closely spaced magnetic profiles from the northeast Pacific 
Ocean, west of the Juan de Fuca and Gorda ridges, in the 
range of anomalies 4.1' to 6A. The 14 profiles were selected 
from an area where mapped anomalies were extraordinarily 
regular and apparently free from distortions due to tectonic 
complications. The survey, conducted by the National Oce- 
anic and Atmospheric Administration in 1971, was based on 
satellite navigation. 

These profiles were again reduced to the pole, adjusted to a 
constant spreading rate with respect to 17 points in HDHPL- 
68, and stacked. Several new short-wavelength anomalies 
were recognized. The stacked North Pacific profile was then 
compared to stacked South Pacific profiles (Eltanin 20E and 
20W) and stacked Indian Ocean profiles (Eltanin 41N and 
41S). The newly recognized anomalies were again found. 
Anomaly 5 of Heirtzler et al. [1968] was interpreted to consist 

of five shorter-polarity events. Anomalies 4.3' and 5', which 
were apparent in V-68 but not in HDHPL-68 or TWL-71, 
were confirmed, again demonstrating the advantage of con- 
structing anomaly timescales from profiles obtained over fast 
spreading ridges. 

As a by-product of adjusting the spreading rates of the orig- 
inal profiles to 17 points in HDHPL-68, information was ob- 
tained on local spreading rates for 16 time intervals. Radical, 
short-term changes in spreading rates were implied. For ex- 
ample, a deceleration of 3.19 cm/yr/MY apparently occurred 
at approximately 19 MY, and nearly identical synchronous ac- 
celerations were recognized in South Pacific and Indian ocean 
data. Blakely concluded that it would be most reasonable to 
assume that continuous spreading occurred in the North and 
South Pacific and Indian oceans during the time interval stud- 
ied. The local accelerations could then be explained either as 
artifacts of discontinuous spreading in the South Atlantic im- 
plicit in HDHPL-68 or as inaccuracies in HDHPL-68 caused 
by the fact that it was generated from a single sinuous profile, 
the only kind of data available to Heirtzler et al. in 1968. A 
constant spreading rate, northeast Pacific timescale was then 
constructed by fixing anomaly 5. l(y) at the 8.71-MY age from 
TWL-71 and anomaly 6(o) at the 21.31-MY age from 
HDHPL-68. Fine scale biostratigraphic calibration points 
were considered but rejected owing to the large potential er- 
rors involved. 

Blakely's [1974] choice of 8.71 MY as a calibration point 
merits discussion. Talwani et al. [1971] used a 9.94-MY date 
from HDHPL-68 to fit the older end of their timescale TWL- 

71. In a similar fashion, Blakely [1974] chose to fix anomaly 
6(y) to an HDHPL-68 date but then went on to register his 
scale to TWL-71 at anomaly 5.1(y) instead of using a corre- 
sponding HDHPL-68 date. There were two reasons for doing 
so. First, the character of anomaly 5 in B-74 is very different 
from that in HDHPL-68. Second, if he had selected anomaly 
5.5(o) as a calibration point, the younger end of his timescale, 
by extrapolation, would have seriously disagreed with all pre- 
viously published timescales. His choice of 8.71 MY as a cali- 
bration point was a compromise between fixing B-74 to read- 
ily identifiable anomalies and minimizing radical spreading 
rate discontinuities introduced as artifacts, in the time range 
of anomalies 2.3'(o) to 5.1(y). This last problem has been ap- 
proached by later workers, and one of the conclusions of this 
review is that the time range in question is still very poorly 
constrained. 

SJMG- 74 

At the same time that Blakely was working on modifica- 
tions to the younger end of HDHPL-68, $clater et al. [1974] 
proposed a recalibration near the older end. For four DSDP 
drilling sites having good sediment to basement contacts on 
identifiable magnetic anomalies older than anomaly 13, they 
noted that the biostratigraphic age determinations of the basal 
sediments were consistently 5-8 MY younger than the ages of 
magnetic anomalies 21, 24, 26, and 30 determined by using 
HDHPL-68. This prompted a further examination using simi- 
lar evidence from a total of 13 DSDP sites that were thought 
to be located on or close to identifiable magnetic anomalies 
and had good sediment to basement contacts. Five of these 
sites were rejected by using various criteria. A comparison was 
then made of magnetic ages with paleontologic ages by using 
the absolute age assignments for geological epochs of Berg- 
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gren [1972]. Paleontologic ages were found to be consistently 
equal to or younger than magnetic ages. 

An adjustment to HDHPL-68 was then proposed to bring 
the older portion of it into agreement with biostratigraphic 
ages. Anomaly 30(0) was assigned a biostratigraphic age of 
about 66 MY, and the HDHPL-68 scale was assumed to be 
correct at 10 MY. This compressed HDHPL-68 such that the 
65-MY Cretaceous-Paleogene boundary was located between 
anomalies 29 and 30 instead of between 26 and 27. 

In theft paper, $clater et al. [1974] stated that they were not 
proposing a formal revision of the magnetic timescale but in- 
stead were developing 'their own relationship' between mag- 
netic anomalies and geological ages. They stated that such a 
revision should await the results from later DSDP legs, more 
detailed analyses of older anomalies, and a careful consid- 
eration of the ages given to reversals dated on land and in 
DSDP cores. 

It should also be noted that Sclater et al. did not attempt 
any fine scale adjustments to the magnetic timescale in an ef- 
fort to remove all discrepancies with biostratigraphic age de- 
terminations. An examination of their Figure 2 shows that 
some biostratigraphic age determinations, based on different 
fossil groups (e.g., calcareous nanaoplankton versus foramini- 
fera), are ambiguous by as much as 6 or 7 MY. In particular, 
the biostratigraphic age determinations for DSDP sites 16 and 
36 could be used to argue that anomaly 5 is younger than 
anomaly 4. The two age estimates also differ by a maximum 
range of approximately 10 MY, and this is with respect to 
anomalies whose absolute ages are thought to be less than 10 
MY. 

We concur with Sclater et al. in their decision to make only 
a single, conservative biostratigraphic adjustment to the 
anomaly timescale. In timescale NLC-80 we will propose that 
a similar adjustment be made to HDHPL-68 at anomaly 24. 
The biostratigraphic evidence available today could perhaps 
be used to support three such adjustments [Berggren et al., 
1978]. We choose to make only one adjustment that will ap- 
proximately satisfy all of the available evidence without risk- 
ing the possible introduction of additional spreading accelera- 
tions as timescale artifacts. 

KHMP- 75 

Deep-tow magnetic profiles obtained from six different 
areas of the Pacific basin (or five separate plate boundaries in- 
cluding the Pacific-Juan de Fuca, the Pacific-Gorda, the Pa- 
cific-Rivera, the Cocos-Nazca, and the Pacific-Antarctic) were 
used by Klitgord et al. [1975] to determine the ratios of spread- 
ing velocities for various combinations of ridge pairs. Spread- 
ing half rates were first determined using calibration points at 
0.70, 2.41, and 3.32 MY and the assumption of continuous 
spreading on both the west flank of the Pacific-Antarctic 
Ridge from 0 to 6 MY and on the Pacific-Rivera from 3 to 6 
MY. The magnetic anomaly boundary ages along each profile 
were then determined by inversion and averaged between the 
six profiles providing timescale KHMP-75. Because of the fre- 
quent use of calibration points, the resulting boundary ages 
are quite similar to those of TWL-71, particularly with respect 
to anomalies 3.1, 3.2, 3.3, and 3.4. However, they are quite dif- 
ferent with respect to anomalies 3.1' and 3.2', which may re- 
flect on the validity of the constant spreading assumption for 
the age range of 5-6 MY. 

Since widely separated ridges may possess unique spreading 
histories, real distinctions in magnetic anomaly profiles might 

be lost in averag'rag anomaly boundary ages. In addition, 
three of the ridges involved, the Juan de Fuca, the Gorda, and 
the Rivera, have rotated in a clockwise sense since anomaly 5 
time; therefore single-profile determinations of theft spreading 
velocities are unconvincing. In spite of our objections, how- 
ever, KHMP-75 closely corresponds to the radiometric time- 
scale of Cox [1969] to anomaly 2.Y(o), and with the anomaly 
scale TWL-71 to anomaly 3.4(0). Also since KHMP-75 was 
constructed without using fine scale biostratigraphic or core- 
magnetostratigraphic adjustments, we employ part of it in 
timescale NLC-80. 

TM- 76 

Tarling and Mitchell [1976] proposed a revised Cenozoic 
polarity timescale generally based on 'compromise solutions' 
between core magnetostratigraphy and marine magnetic 
anomaly records. For Neogene time the number of reversals 
in their proposed sequence was based preferentially upon the 
sedimentary record, while the durations of events were based 
upon those compromise solutions. The entire Cenozoic geo- 
logical timescale was recalibrated by using the European, 
glauconite-dated, continental stratigraphy of Odin [1975]. Par- 
ticularly large adjustments were made in the Paleogene, based 
upon those isotopic dates. The authors also made a major ad- 
justment to the age of anomaly 24 based upon an isotopic age 
determination (48-49 MY) of reversely magnetized east 
Greenland basalts interpreted by Tarling and Mitchell [1976] 
to be somewhat older than anomaly 24. 

The Tarling and Mitchell timescale was critically reviewed, 
even 'rejected,' in a strongly worded paper by Berggren et al. 
[1978]. Central to their objections was a criticism of the relia- 
bility of dating glauconite by the potassium-argon method. 
The Paleogene ages determined by Odin [1975] were thought 
to be much too young and 'scarcely warrant immediate, uncri- 
tical acceptance nor [do] the modifications to the Paleogene 
part of the Cenozoic timescale that Tarling and Mitchell [ 1976] 
have made, based on them.' A second objection was to asso- 
ciating the eastern Greenland Blossville Group basalts with the 
initial opening of the North Atlantic and therefore to thinking 
them to be correlated with anomaly 24. This same objection 
was raised by LaBrecque et al. [1977], who noted that there is 
no close age correspondence between marginal extrusive 
events and the initiation of rifting. They cited as examples the 
Deccan Traps in India and basalts in western Greenland and 
Baffm Island as having been extruded well after rifting. 

After discussing the difficulties inherent in dating glauco- 
nites, Berggren et al. [1978] pointed out that the Paleogene 
portion of an earlier Berggren [1972] timescale depended in 
large part upon K-Ar determinations on glauconites (many of 
them by Odin [1975]). They then went on to make a detailed 
reexamination of glauconite, biotite, and sanidine K-Ar ages 
determined for continental stratigraphic sequences and of 
continental biostratigraphic correlations with their marine 
equivalents. They reached the following conclusions: 

1. The early-middle Eocene boundary occurred at about 
49.5 MY rather than 44 MY as accepted by Tarling and Mitch- 
ell [1976], a significant difference of more than 5 MY. 

2. The age of anomaly 21 is approximately 48 MY instead 
of 44 MY. 

3. The age of anomaly 24 is approximately 53 MY instead 
of 48 MY. 

4. The age of anomaly 26 is approximately 57-58 MY in- 
stead of 55.5 MY. 
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TABLE 1. Boundary Ages for Late Cretaceous, Paleogene, and 
Neogene Epochs and Ages Corrected for New Potassium-Argon 

Decay Constants 

Uncorrected Corrected Value Used 

Age, MY Source* Age, MY in NLC-80 

Pleistocene 
1.8 1 1•85 1.9 

Pliocene 

Late Miocene 5.0 I 5.13 5.1 
Middle Miocene 11.0 1 11.29 11.3 
Early Miocene 14.0 1 14.37 14.4 
Late Oligocene 24.0 2 24.63 24.6 32.0 2 32.84 32.8 
Early Oligocene 37.0 2 37.96 38.0 
Late Eocene 

40.0 2 41.04 41.0 
Middle Eocene 

49.0 2 50.26 50.3 
Early Eocene 

53.5 2 54.88 54.9 
Late Paleocene 

Early Paleocene 60.0 2 61.53 61.5 
Maestrichtian 65.0 2 66.66 66.7 
Campanian 70.5 3 72.29 72.3 
Santonian 82.0 3 84.06 84.1 
Coniacian 86.0 3 88.16 88.2 
Turonian 87.0 3 89.18 89.2 
Cenomanian 89.5 3 91.74 91.7 
Albian 94.0 3 96.34 96.3 

Sources are 1, Berggren and van Couvering [1974]; 2, Hardenbol and 
Berggren [1978]; and 3, Obradovich and Cobban [1975]. 

It should be emphasized that these revi,sgd ages for anoma- 
lies 21, 24, and 26 are about 2.0-3.5 MY younger than those 
given in SJMG-74, and so the disagreement between Berggren 
et al. [1978] and Tarling and Mitchell [1976] is to some extent 
one of degree, at least in effect. We favor the revised Paleo- 
gene geologic timescale of Hardenbol and Berggren [1978] and 
agree that sufficient biostratigraphic evidence exists from 
DSDP results to justify revising the age of anomaly 24. We do 
so in timescale NLC-80 but only adjust it to the Paleocene- 
Eocene boundary of Hardenbol and Berggren, which is here 
corrected for new K-Ar constants to be 54.9 MY (Table 1). 
This adjustment is similar in kind to that made for anomaly 
30 by $clater et al. [1974], and it approximately satisfies the 
three adjustments to anomaly ages proposed by Berggren et al. 
[1978]. To some extent it is also consistent with the sense of 
the anomaly 24 revision proposed by Tarling and Mitchell 
[1976] on different grounds. 

Beyond agreeing with the criticisms by Berggren et al. we 
feel in addition that Tarling and Mitchell placed excessive 
emphasis on fine scale biostratigraphic and magneto- 
stratigraphic age determinations in constructing TM-76. The 
sedimentary record is subject to numerous complications in- 
cluding variations in sedimentation rate, compaction, erosion, 
reworking, chemical changes, magnetic instability, etc., and 
biostratigraphic age determinations are frequently question- 
able, as the previously discussed results from DSDP sites 16 
and 36 indicate. Yet, although it is not made clear by Tarling 
and Mitchell, as many as eight and possibly more calibration 
points or adjustments may have been used in constructing 
that portion of TM-76 younger than anomaly 6. Moreover, it 

of anomaly 2 is not stated. Boundary ages for anomalies 1', 2', 
3, 3.1'(o), and 3.2'(y) were apparently taken from KHMP-75 
(Figure 2). The boundary age of anomaly 3.1'(y) is a com- 
promise between one unstated source and a biostratigraphic 
age; TWL-71 boundary ages seem to have been used for 
anomalies 3.3'(0) and 4, but it is not clear how the boundary 
ages for 3.2'(0) and 3.Y(y) were obtained. B-74 was evidently 
used for anomalies 4' through 5'. For the older segments of 
anomaly 5 there is an unrecognizable mix of B-74 and strati- 
graphic ages, including two isotopically dated ash horizons in 
sedimentary cores at 11.2 and 12.3 MY. DSDP results are 
used as a stratigraphic tie for anomaly 6(y)• 

These apparent calibration points come from a variety of 
sources including biostratigraphy, magnetostratigraphy, ra- 
diometric age determinations, and various seafloor spreading 
timescales, each of which is subject to its own uncertainties 
and sources of error. Thus TM-76, particularly in the range 
younger than anomaly 6, is neither fish nor fowl, and we won- 
der at the number of artificial spreading rate changes that 
would be introduced by this kind of fine scale stretching and 
compressing of the anomaly timescale. At the very least we 
lack confidence in the use of TM-76 for tectonic reconstruc- 

tions. 

Instead, we feel that the relative constancy of seafloor 
spreading rates has been conclusively demonstrated in the 
linear relationships found in anomaly distance versus distance 
plots which compare numerous ridge pairs, bounding numer- 
ous lithospheric plates, from numerous oceans, for numerous 
intervals of the past. This has been illustrated many times, 
and we urge skeptical co-workers to review such figures as are 
found in the work of Pitman et al. [1968], Dickson et al. [1968], 
Le Pichon and tteirtzler [1968], tteirtzler et al. [1968], and Blake- 
ly [1974]. If TM-76 were applied to the distance information 
presented in such figures, the resulting inference would neces- 
sarily be that aH of the lithospheric plates were subject to si- 
multaneous, short-term, high-magnitude accelerations. We do 
not deny this possibility, but we do consider it to be very un- 
likely. 

LKC-77 

LaBrecque et al. [1977] incorporated into their anomaly 
timescale parts of previously published scales including 
HDHPL-68, TWL-71, MS-71, BC-72, B-74, and KHMP-75. 
They limited their selection to those studies which provided 
increased resolution to parts of the Heirtzler et al. scale and 
which were based exclusively on marine magnetic anomalies. 
To some extent, TWL-71 used core magnetostratigraphic 
data, but the section interpolated into LKC-77 was derived 
exclusively from anomalies. Theft scale was fixed at 3.32 MY 
for anomaly 2.3'(o) from KHMP-75, 7.39 MY for anomaly 
4.1'(y) from B-74, and 64.90 MY for anomaly 29(o) on the 
basis of the relative position of that anomaly with respect to 
the 65-MY Cretaceous-Paleogene boundary expressed in a 
sedimentary section in Gubbio, Italy [,41varez et aL, 1977]. 
This last calibration point is essentially identical to the 

is difficult to determine the specific reason for many of the anomaly 29-30 and Cretaceous-Paleogene boundary relation- 
compromise ages which they selected. Some examples follow. 

Although a 0.68-MY age for anomaly 1(o) is certainly an 
acceptable choice within the existing uncertainties, Tarling 
and Mitchell [1976] provide no reason for preferring that par- 
ticular age to the then published values of 0.69, or 0.70 MY, 
obtained either from K-Ar dating (Figure 1) or seafloor 
spreading scales (Figure 2). The source for the boundary ages 

ship proposed earlier by Sclater et al. [1974], using DSDP re- 
sults. 

LaBrecque et al. [1977] eliminated anomaly 14, since it is 
not found in most marine magnetic profiles. The positions of 
anomalies 4.2' and 4.3' were arbitrarily adjusted for better 
correspondence with anomaly patterns in the southeast Indian 
and South Pacific oceans. The relative spacings of anomalies 
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29 to 34, based on then unpublished data from the North Pa- 
cific, were extrapolated by assuming that spreading in the 
North Pacific was continous from anomalies 23 to 34. Al- 

though the authors referred to the radiometric age dating of 
part of anomaly 5 done by McDougall et al. [1976a] on Icelan- 
dic basalts, they chose not to calibrate LKC-77 near the end 
of anomaly 5. They also mentioned the systematically young 
DSDP biostratigraphic dates found in the Paleoõene and sug- 
gested that they were probably due to small errors in 
HDHPL-68 but made no adjustment. The big shift in anom- 
aly 24 age made by Tarling and Mitchell [1976] was not ac- 
cepted. Moreover, LaBrecque et al. [1977] reversed the em- 
phasis and adjusted several biostratigraphic age boundaries to 
their revised seafloor spreading timescale using the core mag- 
netostratigraphic and biostratigraphic results of Ryan et al. 
[1974] and Alvarez et al. [1977]. They developed a Late Cre- 
taceous to Recent geological timescale based on those correla- 
tions and upon the scale of van Eysinga [1975]. We support 
their effort and applaud their courage. 

Renewing an older argument, LaBrecque et al. [1977] dis- 
cussed 'tiny wiggles' in marine magnetic anomaly records and 
expressed concern that these short-wavelength anomalies 
were becoming accepted as records of full scale reversals. In a 
pictorial presentation of their paleomagnetic polarity scale 
they omitted seven events from the B-74 scale including the 
four reversed polarity events within anomaly 5 proposed by 
Blakely [1974]. However, these events were included in their 
numerical table of boundary ages. As stated previously, the 
authors also omitted most of the short-polarity events from 
BC-72. In our scale, NLC-80, we include the B-74 events, be- 
lieving that these have been essentially confirmed by the work 
of McDougall et al. [1976a]. We also include the so-called Re- 
union events by interpolation from the radiometric scale of 
Mankinen and Dalrymœ1e [1979]. We agree with the emphasis 
placed on seafloor magnetics by LaBrecque et al. [1977] in 
their construction of LKC-77. Our timescale NLC-80 is struc- 

turally very similar to theirs, except that we include a few 
more events, fix two additional calibration points, and convert 
the absolute ages of all calibration points to corrected ages us- 
ing new K-Ar decay constants. 

MD-79 

In 1977 the Subcommission on Geochronology of the Inter- 
national Union of Geological Sciences recommended the 
adoption of new atomic abundance and decay constants used 
in potassium-argon dating. Mankinen and Dalrymœ1e [1979], 
using the new constants and 354 K-Ar dated igneous rock 
samples with determined magnetic polarities, compiled a new 
radiometric polarity timescale for the interval 0-5 MY (Figure 
3). It is noteworthy that from anomaly 1 to anomaly 2.3' the 
revised timescale is very similar to the earlier radiometric 
scale of Cox [1969] when it is corrected for new K-Ar con- 
stants. The boundary ages assigned to anomalies 3.1 through 
3.4 were considered less certain by Mankinen and Dalrymple. 

Mankinen and Dalrymple also converted the marine mag- 
netic anomaly timescale LKC-77, which is here called MD-79. 

804.1 In (1.0728do,•/,•5 - 0.0728) (1) 

We use this equation to convert the two biostratigraphic cali- 
bration points used in NLC-80, the boundary ages (Table 1) 
of Cenozoic epochs from Berggren [1972] and Hardenbol and 
Berggren [1978], the boundaries of Late Cretaceous ages from 
Obradovich and Cobban [1975], the Icelandic radiometric 
polarity scales of McDougall et al. [1976a, b, 1977], and the 
timescale of Cox [1969]. 

HMW-79 

The radiometrically determined polarity timescales illus- 
trated in Figure 1 are composite scales generated by in- 
tegrating K-Ar dated polarity data obtained from widely sep- 
arate locations throughout the world. Beyond about 3.5 MY 
the precision of the K-Ar method begins to approach the av- 
erage duration of individual polarity events, and the determi- 
nation of boundary ages becomes increasingly ambiguous. 
The problem becomes apparent in comparing the various pub- 
lished estimates for the boundary ages of anomalies 3.1 
through 3.4. The radiometric scales differ among themselves 
and are also quite different from marine magnetic anomaly 
scales (Figure 2), which assume constant local rates of seafloor 
spreading. K-Ar age determinations made on oceanic basalts 
are subject to large errors because of hydrothermal alteration 
and weathering. It is because of this problem, of course, that 
the older portions of polarity timescales were determined by 
extrapolating marine magnetic anomaly data. 

In Iceland, thick stratigraphic sequences of subaerial lava 
flows, thought to have 'extruded at a fairly regular rate, allow 
the relative age and polarity of lava members to be unambi- 
guously determined. Regression analysis of K-Ar ages onto 
stratigraphic height data have resulted in the generation of ra- 
diometric polarity timescale sections discontinuously ranging 
from 3.5 to 12 MY. Three of these scales by McDougall et al. 
[1976a, 1977], corrected here for new K-Ar decay constants, 
are illustrated in Figure 3. The problem of correlating polarity 
events between the scales of various workers persists, how- 
ever, as an examination of the various estimates for anomaly 3 
and anomaly 3' boundary ages will reveal. 

Harrison et al. [1979] integrated the data from several such 
stratigraphic sections in both eastern and western Iceland. 
The K-Ar ages ranged over an interval of from about 3 to al- 
most 13 MY. They calculated the difference between the aver- 
age K-Ar age determinations of particular polarity events and 
their ages as given by the õeafloor spreading timescale MD-79. 
They found that the K-Ar ages were predominantly greater by 
about 0.2-0.3 MY. As a result of this analysis, Harrison et al. 
recalibrated MD-79 at 8.5 and 13 MY. 

We agree that the combined paleomagnetic stratigraphy 
and K-Ar dating on Iceland indicate that the MD-79 bound- 
ary ages for magnetic anomalies 3 through 5A should be in- 
creased. However, because of scatter in the K-Ar determina- 
tions and the noncontinuous nature of the extrusion process 
and because there are no lavas exposed on Iceland older than 

We emphasize that MD-79 is essentially the scale of La- about 13 MY, we feel that the data more readily justify a 
Brecqu e et al. [1977] expanded non•early to correct it for the single recalibration of the marine magnetic anomaly time- 
change in K-At constants. Dalrymple [1979] published a table scale, Accordingly, in NLC-80 we fix anomaly 5.5(0) at 10,30 
for converting western (non-Russian) K•Ar ages, and we pres- MY (Figures 2 and 3), consistent with the reca!culated radi ø- 
ent an equation for the same purpose that provides a precision metric timescale of McDoUgall et al. [1976a]. This accoro- 
of • 10 -2 MY, using the constants provided in the Mankinen plishes the purpose of Harris øn et al. [1979], within the resOlu- 
and Dalrymple paper: tion indicated in their Figure 6, and does not risk introducing 
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an artifical spreading rate change at 13 MY as a timescale ar- 
tifact. 

THE ANOMALY 24 PROBLEM 

A graphical summary of oceanic crustal ages determined 
using biostratigraphic evidence from DSDP sites is presented 
by LaBrecque et al. [1977, Figure 4]. Sites 19, 38 M, 39, and 
213 yield basal sediments with biostratigraphic ages covering 
about a 12-MY period in the late Paleocene through late and 
middle Eocene. Although the precision of these estimates 
ranges from about 2 to about 6 MY, the ages are all younger 
by about 2-5 MY than ages predicted by using timescale 
LKC-77. LaBrecque et al. noted these discrepancies and sug- 
gested that the continuous South Atlantic spreading assump- 
tion of Heirtzler et al. [1968] may require revision in the Pa- 
leogene. However, since there may be systematic errors in 
Paleogene biostratigraphy, they made no such adjustments. 

Tarling and Mitchell [1976] proposed large adjustments to 
the geologic timescale, as previously discussed. Their revised 
Paleocene-Eocene boundary is about 5 MY younger than that 
of Berggren [1972], and anomaly 24 was tied to that adjusted 
boundary by using biostratigraphic evidence from DSDP site 
39 published by $clater et al. [1974] and by the stratigraphic 
position and isotopic ages of basalts in east Greenland. Berg- 
gren et al. [1978] chose not to adjust the age of the Paleocene- 
Eocene boundary but did adjust anomaly 24 to comply with 
the site 39 evidence, making its age about 3.5 MY younger 
than did Berggren [1972]. 

There is evidence, independent of biostratigraphy, in sup- 
port of a younger age for anomaly 24. A comparison of the 
distances from ridge crests to particular anomalies in the 
North and South Pacific and South Atlantic oceans (Figure 
4a) indicates that in relation to the assumption of constant 
spreading in the South Atlantic Ocean, large spreading accel- 
erations occurred in the North Pacific about the time of 

anomaly 6 and in the South Pacific about the times of anoma- 
lies 5 and 24. 

It was this comparison that originally led Heirtzler et al. 
[1968] to reject the South Pacific distance data as a possible 
base for developing a standard anomaly timescale. It is impor- 
tant to recognize that at the time that HDHPL-68 was devel- 
oped, it was necessary to assume that at least one such profile 
represented the record of a constantly spreading ridge. No 
convincing, additional calibration points were available apart 
from the late Neogene radiometric scales published to that 
time. Since then an important revision to HDHPL-68 has 
been made by adjusting anomaly 29 to be younger than the 
Cretaceous-Paleogene boundary. The obvious point is that the 
assumption of 90 MY of continuous spreading in the South 
Atlantic Ocean no longer holds. If anomalies 2.3' and 5 are 
fixed to radiometric scales, and if anomaly 29 is adjusted, then 
corresponding accelerations are implied in the spreading his- 
tory of the South Atlantic Ocean. 

If anomaly 24 is adjusted, in order to conform with DSDP 
biostratigraphic results, to the Paleocene-Eocene boundary of 
Hardenbol and Berggren [1978], an additional acceleration is 
introduced into the South Atlantic (Figure 4c). 

We find it interesting that if anomaly 24 is further adjusted 
to the age given the Paleocene-Eocene boundary by Tarling 
and Mitchell [1976], then the spreading record in the South 
Pacific becomes constant from anomalies 5 to 29 and beyond 
(Figure 4d). Our problem then becomes one of making the 
choice of possible adjustments to anomaly 24. While we admit 

to being intrigued by the possibility of continuous South Pa- 
cific spreading prior to 10 MY, we recognize that it is not re- 
quired. It seems quite possible that if major, long-term spread- 
ing rate changes occur at the boundary of a large plate pair, 
these changes in motion could (or perhaps even should) be re- 
flected eventually in the motions of other large plates, either 
by coupling across adjacent plate boundaries or perhaps by 
some sort of worldwide responses to changes in mantle con- 
vection rates. However, since the entire topic of plate-driving 
mechanisms is still speculative, we do not presume that this 
effect be required. 

We select the more conservative adjustment and fix anom- 
aly 24 at about 55 MY, consistent with the findings of Hard- 
enbol and Berggren [1978]. This provides relatively good 
agreement between timescales NLC-80, radiometric dates, 
and other anomaly timescales over the interval of 3.4-12 MY. 
Adjustments to anomaly 24 affect this portion of the timescale 
by extrapolation and interpolation. 

Presently, Butler and Lindsay [1979] are compiling the mag- 
netic stratigraphy of Paleocene and lower Eocene continental 
deposits in the Big Horn Basin of Wyoming. They have 
clearly identified anomalies 25 and 26 in the Paleocene and a 
long reversed interval younger than anomaly 25 that extends 
at least into the lowermost Eocene. Thus the biostratigraphic 
age of anomaly 24 would appear to be at least as young as the 
Paleocene-Eocene boundary--the value to which we adjusted 
it. It may even result that the absolute age for anomaly 24 
proposed by Tarling and Mitchell is right but for what we 
consider to be wrong reasons. Continuing work on the prob- 
lem, both in Wyoming and in the Italian sections, will be 
watched with interest. 

CONSTRUCTION OF MAGNETIC ANOMALY TIMESCALE 
NLC-80 

1. From anomaly 1 to anomaly 3.4(0) we use timescale 
KHMP-75 and fix anomaly 2.3'(0) at 3.40 MY, consistent with 
the new radiometric age determination for that polarity re- 
versal boundary made by Mankinen and Dalrymple [1979]. 
The conversion equation is 

I3.40 KI t= 3• (2) 

where K is the age given in KHMP-75. Thus anomalies 3.1 
through 3.4 are extrapolated beyond 3.40 MY on the assump- 
tion of constant seafloor spreading. The R6union events of 
Mankinen and Dalryrnple [1979] are added by interpolation 
between anomalies 2 and 2.1'. 

2. From anomaly 24(o) to anomaly 29(o) we fix anomaly 
24(o) at the Eocene-Paleocene boundary of Hardenbol and 
Berggren [1978], recalculated for new K-Ar constants at 54.9 
MY. We next recalculate the Cretaceous-Paleogene boundary 
of Hardenbol and Berggren [1978] to be 66.7 MY and assume 
the same relative position for that boundary with respect to 
anomalies 29(0) and 30(y) in timescale HDHPL-68 as that 
used by LaBrecque et al. [1977] in timescale LKC-77. 
HDHPL-68 is then interpolated between 24(0) and the Cre- 
taceous-Paleogene boundary using the conversion equation 

i H - 60.53 • t -- (69-• - 6-•3)' / (66.7 - 54.9) + 54.9 (3) 
where H is the age given in HDHPL-68. Those polarity re- 
versals from the study of Blakely and Cox [1972a] supported 
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by the three-axis magnetometer study of Blakely et al. [1973] 
are interpolated into this portion of the recalibrated scale. 

3. From anomaly 4.1'(y) to anomaly 24(0) we tie anomaly 
5.1(y) from timescale B-74 to the corresponding date used in 
HDHPL-68 so that no artificial acceleration is introduced near 

anomaly 6A. B-74 is fit to HDHPL-68 using the equation 

(21.31 - 8.71)J (21.31 - 8.79) + 8.79 (4) 

where B is the age given in B-74. This yields an interim age 
for anomaly 5.5(0) of 10.28 MY (uncorrected for new K-At 
constants). We then fix anomaly 5.5(0) at 10.30 MY using the 
radiometric age for that polarity reversal boundary deter- 
mined by McDougall et al. [1976a] here corrected for new K- 
Ar constants (see Figure 3). The B' values from anomaly 
4.1'(y) to anomaly 6A(o) and the HDHPL-68 timescale from 
anomaly 6A(o) to anomaly 24(0) are then calculated using the 
equation 

I B'(or H) - 10.281 t-- (60.53- 10.28)' (54.9- 10.30)+ 10.30 (5) 

Anomaly 14 is omitted, consistent with LaBrecque et al. 
[1977]. 

4. Between anomalies 3.4(0) and 4.1'(y) we interpolate 
HDHPL-68 using the conversion equation 

I H- 5.01 t -- (7.91 - 5.01)' (7.81 - 4.79) + 4.79 (6) 

5. From anomalies 29(0) to 34(y) we extrapolate the time- 
scale LKC-77 from relocated anomaly 23(y), at 52.69 MY, to 
beyond the Cretaceous-Paleogene boundary at 66.7 MY, con- 
sistent with the procedure used by LaBrecque et al. [1977]. 
The conversion equation is 

• L-65.0 • 
t= 1(65•- 0 Z. 5•-.29)'_] (66.7- 52.69) + 66.7 (7) 

where L is the age given in LKC-77. 

CONCLUSIONS 

Timescale NLC-80 is at best of temporary utility. We antic- 
ipate that further, more precise adjustments to the age of 
anomaly 24 are justified and will soon be suggested by several 
groups of workers. This in turn may require that the age of 
anomaly 34(y) be fixed, so that its newly extrapolated spread- 
ing age will not radically violate its biostratigraphic age. Ironi- 
cally, this may result in the introduction of an artificial spread- 
ing rate change at anomaly 29 time. There is, in addition, 
some evidence that suggests that the age of anomaly 6 may re- 
quire adjustment. This in turn will affect by extrapolation 
those portions of the timescale between anomalies 2.3' and 
5.5, and while we have carefully tried to avoid both circular 
reasoning and the introduction of artificial spreading rate 
changes in the construction of NLC-80, we still lack con- 
fidence in its accuracy, particularly between anomalies 2.3' 
and 5.5, where most of the cutting and splicing have been 
done. 

Timescale NLC-80 is also at best a critical reshuffling of 
some very old cards from some very different decks. Its accu- 
racy, or the accuracy of any anomaly timescale, is ultimately 
limited by the quality of the anomaly versus distance data 
used to make it up. Most of these data were acquired prior to 

the so-called 'geologic revolution,' from ship tracks which 
were set out for other purposes and which were sailed using 
low-accuracy navigation systems. Thus detailed, fine scale cal- 
ibrations of anomaly timescales may be meaningless unless 
the quality of the data base itself is improved first. 

Within the last decade, very accurate navigation systems 
have become available to the marine science community. 
Knowledge of the various structural features of the seafloor 
has greatly increased. Geometrical methods for determining 
and describing plate motions have become more powerful. 
New signal-enhancing techniques have been applied to the 
analyses of marine magnetic data. New radiometric tech- 
niques have been developed that may be of great utility in de- 
termining the absolute ages of submarine basalts, and deep 
sea drilling hole reentry and continuous sampling capabilities 
have been developed, all of which now make it possible to re- 
examine completely the general problem of marine magnetic 
anomalies by initiating a field program specifically and exclu- 
sively designed to develop a new, high-precision magnetic 
anomaly timescale. 

The results of such a program would have valuable, funda- 
mental application to many diverse fields of research includ- 
ing plate tectonic reconstructions, core magnetostratigraphy, 
biostratigraphy, geomagnetic field reversal frequency studies, 
oceanic age-depth relationships, crustal evolution studies, 
ridge processes, and multiplate geometrical studies. 

We feel that such a program is not only desirable but neces- 
sary. First-generation anomaly timescales have successfully 
served their purpose but are nearing the ultimate limit of their 
accuracy. Second-generation tectonics analyses will require a 
second-generation timescale. Unfortunately, such a program, 
if properly organized, would be an expensive, multiocean, 
multiship, mult'tinstitution cooperative effort. Such a project 
can only be initiated with the broad support of the geological 
community. 
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