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A New Geomagnetic Polarity Time Scale 
for the Late Cretaceous and Cenozoic 

STEVEN C. CANDE1 AND DENNIS V. KENT 

Lamont-Doherty Geological Observatory of Columbia University, Palisades, New York 

We have constructed a magnetic polarity time scale for the Late Cretaceous and Cenozoic based on an 
analysis of marine magnetic profiles from the world's ocean basins. This is the first time, since Heirtzler 
et al. (1968) published their time scale, that the relative widths of the magnetic polarity intervals for the 
entire Late Cretaceous and Cenozoic have been systematically determined from magnetic profiles. A 
composite geomagnetic polarity sequence was derived based primarily on data from the South Atlantic. 
Anomaly spacings in the South Atlantic were constrained by a combination of finite rotation poles and 
averages of stacked profiles. Fine-scale information was derived from magnetic profiles on faster 
spreading ridges in the Pacific and Indian Oceans and inserted into the South Ariantic sequence. Based on 
the assumption that spreading rates in the South Atlantic were smoothly varying but not necessarily 
constant, a time scale was generated by using a spline function to fit a set of nine age calibration points 
plus the zero-age ridge axis to the co•nposite polarity sequence. The derived spreading history of the South 
Atlantic shows a regular variation in spreading rate, decreasing in the Late Cretaceous from a high of 
almost 70 mm/yr (full rate) at around anomaly 33-34 time to a low of about 30 mm/yr by anomaly 27 time 
in the early Paleocene, increasing to about 55 mm/yr by about anomaly 15 time in the late Eocene, and 
then gradually decreasing over the Oligocene and the Neogene to the recent rate of about 32 mm/yr. The 
new time scale has several significant differences from previous time scales. For example, chron C5n is 
-0.5 m.y. older and chrons C9 through C24 are 2-3 m.y. younger than in the chronologies of Berggren et 
al. (1985b) and Hadand et al. (1990). Additional small-scale anomalies (tiny wiggles) that represent either 
very short polarity intervals or intensity fluctuations of the dipole field have been identified from several 
intervals in the Cenozoic including a large number of tiny wiggles between anomalies 24 and 27. 
Spreading rates on several other ridges, including the Southeast Indian Ridge, the East Pacific Rise, the 
Pacific-Antarctic Ridge, the Chile Ridge, the North Pacific, and the Central Atlantic, were analyzed in order 
to evaluate the accuracy of the new time scale. Globally synchronous variations in spreading rate that were 
previously observed around anomalies 20, 6C, and in the late Neogene have been eliminated. The new time 
scale helps to resolve events at the times of •najor plate reorganizations. For example, anomaly 3A (5.6 
Ma) is now seen to be a time of sudden spreading rate changes in the Southeast Indian, Pacific-Antarctic, 
and Chile ridges and may correspond to the ti•ne of the change in Pacific absolute plate motion proposed 
by others. Spreading rates in the North Pacific became increasingly irregular in the Oligocene, 
culminating in a precipitous drop at ano,naly 6C time. 

INTRODUCTION 

The geomagnetic polarity time scale of Heirtzler et al. 
[1968] (HDHPL68; see Table 1 for acronyms of time scales used 
in this paper) was one of the foundations of the plate tectonic 
revolution. Building on the seafloor spreading hypothesis of 
Vine and Matthews [1963] and the remarkable symmetry found 
by Pitman and Heirtzler [1966] in the Eltanin 19 magnetic 
anomaly profile across the Pacific-Antarctic Ridge, Heirtzler et 
al. [1968] proposed a geomagnetic polarity time scale for the 
Late Cretaceous to Recent, about the last 75 Ma (from anomaly 
32), based on a few long magnetic anomaly profiles. The 
success of HDHPL68 can be gauged by the fact that although 
parts of the reversal sequence have been subsequently revised, 
nearly half of the original relative spacings of reversals 
(nominally anomalies 6C to 29) have been used in virtually all 
revisions to the present [e.g., Harland et al., 1990]. 

It has also become increasingly clear that there are errors in 
the relative widths of the polarity intervals as given in 
HDHPL68 and in the subsequent time scales that are based on it. 
For example, Barker [1979] used HDHPL68 to analyze a 
magnetic profile collected along a flow line in the South 
Atlantic and found that there were several rapid changes in 
spreading rates over the Cenozoic. The discovery of sudden 
changes in spreading rate in the South Atlantic is suspicious 
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because the HDHPL68 time scale was constructed based on the 

assumption that the spreading rate in the South Atlantic has 
been constant. Because of the fundamental importance of the 
geomagnetic polarity time scale to numerous disciplines, we 
sought to improve the resolution of the relative polarity widths 
by analyzing magnetic anomaly profiles now available from 
throughout the world's ocean basins. 

BACKGROUND 

Heirtzler et al. [1968] constructed their time scale by 
assuming a constant spreading rate for a profile collected on 
R/V Vema, cruise 20, in the South Atlantic. They then 
incorporated a polarity sequence derived from the higher spread- 
ing rate North Pacific according to the curve for the relative 
spreading rate between the two oceans. A time scale 
extrapolated from the South Atlantic profile was selected as a 
standard because (1) the anomaly pattern for the South Indian 
Ocean was not sufficiently long, (2) the North Pacific profile 
was too distorted near the ridge axis for extrapolation, and (3) 
the spreading history in the South Pacific was variable and gave 
an extrapolated time scale that became unacceptably too young. 

The evolution of the geomagnetic polarity time scale since 
1968 involved two types of revision: adjustment of the relative 
spacing of some anomalies given by HDHPL68 and calibration 
of the polarity sequence in time. Most of the revisions to the 
relative spacings were done over relatively short segments of 
HDHPL68. Talwani et al. [1971] proposed revisions to the 
relative ages of anomalies 2 to 4A based on a detailed study of 
the Reykjanes Ridge. Larson and Pitman [1972] added 
anomalies 33 and 34 to the sequence. Blakely [1974] stacked 
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TABLE 1. Geomagnetic Polarity Time Scales Referred to in 
This Paper 

Time Scale Reference 

HDHPL68 

LKC77 

LA81 

BKFV85 

GTS89 

CK92 

Heirtzler et al. [1968] 

LaBrecque et al. [1977] 

Lowrie and Alvarez [1981] 

Berggren eta/. [1985b] 

Geologic Time Scale 1989 
(Harland eta/., 1990) 

Cande and Kent (this paper) 

several profiles from the northeast Pacific and revised the 
relative width of anomalies 4A to 6. Klitgord et al. [1975] 
examined deep-tow magnetic profiles across several ridge 
segments of the Pacific and revised anomalies 1 to 3A. Cande 
and Kristoffersen [1977] revised the width of anomalies 30 to 
34 from a global .analysis. 

LaBrecque et al. [1977] incorporated these changes in a 
revised time scale (LKC77); the only modification made to the 
entire Paleogene section of the sequence was to delete anomaly 
14 which was generally recognized to be an artifact in 
HDHPL68. However, LaBrecque et al. [1977] encountered 
difficulties in splicing the revised portions of the sequence into 
HDHPL68. For example, Blakely [1974] tied his revisions of 
the relative width of anomalies 4A to 6 to the younger end of 
anomaly 5 of HDHPL68. Since the relative width of anomaly 
4A to 5 in Blakely [1974] is considerably larger than in 
HDHPL68 [and Talwani et al., 1971], and no change was made to 
the age of anomaly 3A as given by Klitgord et al. [1975], the 
anomaly 3A to 4A interval is compressed in LKC77. This 
problem was recognized but left unresolved even in the most 
recent time scale (GTS89) of Harland et al. [1990]. 

Age calibration has been the focus of changes to the 
geomagnetic polarity time scale since the compilation of 
LaBrecque et al. [1977]. HDHPL68 assumed a constant rate of 
seafloor spreading in the .South Atlantic, and used a single 
calibration point at the older end of anomaly 2A to extrapolate 
ages out to anomaly 32. LaBrecque et al. [1977] added a 
calibration point at the older end of anomaly 29, based on 
magnetobiostratigraphic data which placed the Cretaceous/ 
Paleogene boundary within the uppermost part of chron C29r 
[Lowrie and Alvarez, 1977]. This left the assumption of 
constant spreading in the South Atlantic largely intact. 
However, subsequent calibration efforts added more control 
points based on developing magnetobiostratigraphic ties, and 
relaxed the implicit assumption of constant spreading in the 
South Atlantic to smaller time intervals [e.g., Ness et al., 1980; 
Lowrie and Alvarez, 1981; Harland et al., 1982, 1990; Berggren 
et al., 1985b; Haq et al., 1988]. 

ACCURACY OF THE GEOMETRIC POLARITY TIME SCALE 

One way to evaluate the accuracy of a geomagnetic polarity 
time scale is to calculate the consequences on spreading rates on 
various ridges. Ideally, a "type" profile would be available for 
every ridge system that could be used to determine the spreading 
rate history of that ridge. In reality, no single magnetic profile 
reflects the complete spreading history of a ridge system due to 
irregularities such as periods of asymmetrical spreading, small 
ridge jumps and propagating rifts. 

A more accurate representation of spreading history can be 
obtained by determining closely spaced finite rotation poles 
based on magnetic anomalies and fracture zone trends along an 
entire spreading ridge. Finite rotation poles take into account 
asymmetric spreading, ridge jumps and other local spreading 
irregularities that can distort the magnetic anomaly sequence 
along a particular profile. For example, Cande et al. [1988] 
calculated a set of 43 finite poles that constrain the spreading 
history of the South Atlantic for the last 84 m.y., from anomaly 
34 to the ridge axis. Representative distances between 
anomalies can be determined along a synthetic flow line based 
on the finite rotation poles. 

In Figure 1 we compare the spreading rate history of the South 
Atlantic for three different time scales (HDHPL68, GTS89, and 
Berggren et al. [1985b] (BKFV85, which is the same as Kent 
and Gradstein [1986]), referenced to the distances to anomalies 
along a synthetic flow line derived from the finite rotation 
poles of Cande et al. [1988]. We note that there are large 
variations in apparent spreading rate even with HDHPL68 
(Figure 1, bottom), which in fact assumed a constant rate of 
spreading in the South Atlantic. A very similar pattern of 
variation is seen between anomalies 6 to 29 in more recent time 

scales (e.g., Figure 1, BKFV85 and GTS89), even though more 
age calibration data are used. While the spreading rate 
variations shown in Figure 1 could indicate very erratic relative 
plate motion, a more plausible interpretation is that the single 
profile (Vema 20) available to and used by Heirtzler et al. 
[1968], and incorporated in virtually all subsequent time scales, 
is simply not representative of the spreading history of the 
South Atlantic. It follows that observations of globally 
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Fig. 1. Comparison of half spreading rates in the South Atlantic using 
various time scales, as identified in the text. The distance between 
anomalies is calculated along a synthetic flowline at 30 ø S using a set of 
43 rotation poles from Cande et al. [1988]. 
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synchronous spreading variation [e.g., Vogt, 1986] based on 
HDHPL68 or derivative time scales should be regarded as suspect 
and may well be artifacts of errors in the polarity sequence. This 
problem motivates our reassessment of the geomagnetic 
polarity time scale in terms of the relative width of polarity 
intervals as a framework for age calibration. 

CONSTRUCTING A NEW TIME SCALE 

Construction of a magnetic anomaly time scale involves age 
calibration of a reference sequence of relative anomaly 
spacings. Our initial approach for a reference section was to 
search for long magnetic profiles from different oceans that 
individually were high fidelity records of the polarity reversal 
pattern over 10 to 20 m.y. time intervals. This procedure was 
first suggested by Klitgord and Schouten [1986] and later by 
Aubry et al. [1988], who compared pairs of profiles from 
different ocean basins and identified sections several hundred 

kms long that appeared to have formed at a constant spreading 
rate. We found, however, that it was extremely difficult to 
assemble a reference section and devise a scheme for calibrating 
it for the entire Late Cretaceous and Cenozoic, based on 
individual profiles from different ridges. Individual long 
profiles, as we noted earlier, almost invariably include disconti- 
nuities due to ridge jumps, propagating rifts, intervals of 
asymmetric spreading or small fracture zones; even when such 
interruptions in continuity are identified, residual uncertainties, 
especially within the overlapping portions, make it difficult to 
splice together a reference section on a normalized distance 
base. 

A procedure that proved more tractable and testable was to 
determine a reference section based on the seafloor spreading 
pattern on a single ridge system. The South Atlantic was an 
obvious choice as the basis of a framework for a reference 

section from anomaly 34 to present. Seafloor spreading in the 
South Atlantic is preserved on both limbs of the ridge system, 
which allows us to compensate for ridge jumps and asymmetric 
spreading, and is documented by a large data base of ship tracks, 
aeromagnetic lines, and satellite altimetry observation [Cande 
et al., 1988]. In comparison, other ridge systems are less useful 
because of an inadequate length of record (e.g., Reykjanes, and 
those associated with the smaller plates of the Pacific), major 
plate reorganization (Indian Ocean), preservation of only one 
limb (North Pacific), or a more poorly resolved (North and 
Central Atlantic) or less well documented (Pacific-Antarctic) 
magnetic anomaly signature. For many of the same reasons 
discussed above, Heirtzler et al. [1968] had also chosen the 
South Atlantic as the best ocean to use as a reference. 

We used a combination of finite rotation poles and stacked 
profiles from the South Atlantic to build a framework for the 
time scale. Distances based on finite rotation poles between 
selected anomalies are referred to as category I intervals; sub- 
divisions of these intervals based on stacks of selected anomaly 
profiles are referred to as category II intervals. For a few 
portions of the time scale we judged that the category II 
intervals were adequate to define the anomaly spacings, e.g., 
between anomalies 20 and 23 and between anomalies 33 and 34. 

For most time intervals, however it is necessary to fill in the 
fine detail of the reversal pattern using magnetic anomaly data 
from faster spreading ridges such as those in the North Pacific 
and Indian Oceans. We refer to this finer subdivision of the 

anomaly spacings as category III intervals. A consequence of 
this procedure is that the very short wavelength anomalies, 
commonly referred to as tiny wiggles, have not been uniformly 
resolved over the entire anomaly sequence. To compensate for 
this nonuniform resolution, and in recognition of the 
ambiguous origin of the tiny wiggles, we have excluded the 
shortest events (i.e., with apparent durations of less than 30 
kyr) from our final compilation of anomaly spacings and in the 
resulting geomagnetic polarity time scale. 

REFERENCE SECTION FOR THE SOUTH ATLANTIC: 
CATEGORY I AND II DISTANCES 

Cande et al. [1988] described the spreading history of the 
South Atlantic since anomaly 34 with a set of 43 finite rotation 
poles. We used nine of these rotation poles to establish a 
framework for averaging the widths of anomalies on individual 
profiles. The choice of nine rotation poles was somewhat 
arbitrary, and, in fact, we could have used a larger subset. 
However, the analysis of shorter and larger numbers of profiles 
becomes progressively more unwieldy as more poles are used. 

Distances to key anomalies were constrained along a 
synthetic flow line in the South Atlantic at (half separation) 
intervals of 150 to 300 km (roughly 7 to 13 m.y.) based on 
finite rotation poles for the younger ends of anomalies 4A, 5C, 
7, 13, 20, 24, 30, 33, and 34 [Cande et al., 1988] (Table 2). 
These category I intervals were chosen, in part, so that 
anomalies with ambiguous reversal boundaries, such as the 
young end of anomaly 5 which has fine-scale structure, were not 
at the end of an interval. The synthetic flow line, which is 
located at approximately 30øS, and the location of the distance 
intervals constrained by the finite rotation poles are shown in 
Figure 2. 

TABLE 2. Intervals of Normal Polarity Crustal Magnetization 
Along a Synthetic Flow Line in the South Atlantic 

Normal Polarity Magnetic 
Interval,* km Anomaly 

0.00 
15.37 

27.80 
35.04 
41.75 
50.70 

54.10 
66.44 

70 
76.76 

80A0 

96.87 
103.92 
116.70 
120.62 
124.68 

126.48 
130.83 

142.49 

152.32 
163.49 
171.00 
174A7 
178.38 

2O3.44 
213.04 

223.52 
229.23 

240.65 
242.9O 

247.92 
255.19 

264.53 
275.66 

290,17 
295.63 
318.39 

325.65 
330.95 
347.64 

370,87 
388.64 

- 12.14 1 
- 16.39 lr. 1 
- 31.51 2 
- 35.57 2r. 1 
- 49.44 2An. 1 
- 52.31 2An.2 
- 58.03 2An.3 
- 68.23 3n.1 
- 73.56 3n.2 
- 78.26 3n.3 
- 84.68 3n.3 
- 101.42 3An. 1 
- 109.60 3An.2 
- 119.74 •B 
- 121.30 3Br. 1 
- 125.35 3Br.2 
- 129.08 4n. 1 
- 139.37 4n.2 
- 143.15 4r. 1 
- 159.16 4A 
- 165.16 4Ar.1 
- 172.34 4Ar.2 
- 177A9 5n.1 
- 201.13 5n.2 
- 204.51 5 r. 1 
- 214.28 5r.2 
- 226.81 5An.1 
- 234.25 5An.2 
- 241.35 5Ar.1 
- 243.94 5Ar.2 
- 251.38 5AA 
- 260.03 5AB 
- 273.28 5AC 
- 285.8O 5AD 
- 292.24 5Bn.1 
- 298.45 5Bn.2 
- 324.87 5Cn. 1 
- 329.38 5Cn.2 
- 334.88 5Cn.3 
- 355.45 5D 
- 382.45 • 
- 413.88 6 
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TABLE 2. (continued) 

Normal Polarity Magnetic 
Interval,* km Anomaly 

422.93 - 427.81 6An. 1 
434.18 - 441.85 6An.2 
452.46 - 454.63 6AA 
461.59 - 463.92 6AAr. 1 
468.97 - 469.79 6AAr.2 
472.08 - 475.99 6Bn.1 
477.29 - 483.70 6Bn.2 
490.61 - 495.05 6Cn. 1 
498.54 - 501.55 6Cn.2 
506.47 - 509.41 6Cn.3 
524.64 - 525.92 7n. 1 

5•29 - 536.04 7n.2 
543.97 - 547.82 7A 
552.30 - 555.55 8n. 1 
556.60 - 571.04 8n.2 
583.30 - 607.96 9 

616.!2 - 622.16 10n.1 
623.90 - 6•8.29 10n.2 
.645.65 - 652.56 11n.1 
655.31 - 664.15 11n.2 

674.26. - 686.50 12 
• - 755.44 13 
784.40 - 791.78 15 

802.15 - 806.87 16n.1 
810.93 - 827.67 16n.2 

834.68 - 856.19 17n.1 
859.46 - 865.54 17n.2 
867.33 - 872.10 17n.3 

879.83 - 907.31 18n.1 
909.21 - 921.21 18n.2 
947.96 - 954.12 19 
977.65 - 1006.06 20 

1060.24 - 1094.71 21 
1117.55 - 1130.78 22 
1150.83 - 1153.90 23n. 1 
1155.75 - 1168.20 23n.2 
1178.96 - 1184.03 24n. 1 
1185.61 - 1186.34 24n.2 
1188.05 - 1195.35 24n.3 

1234.51 - 1241.50 25 
1257.8! - 1262.74 25 
!303.81 - 1308.70 27 
1325.71 - 1341.99 28 
1347.03 - 1358.66 29 
1371.84 - 1407.22 30 
1409.56 - 1429.14 31 

!481.12 - 1487.68 32n.1 
1493.94 - 1531.81 32n.2 
1539.94 - 1542.32 32r.1 
1549.41 - 1723.76 33 
1862.32 - 34 

CategOry I distances are b•id, Category II distances are 
underlined, and Category II! distances are plain text. 
'1.29 km subtracted for Central Anomaly offset. 

The relative widths of anomalies within each category I 
interval were constrained by averaging the widths of 
subintervals on five to nine profiles that appeared to be 
representative of uniform seafloor spreading. The locations of 
the profiles that were used are shown in Figure 2. Each selected 
profile was projected perpendicular to the local strike of the 
magnetic linearions and deskewed using the phase shifting 
methods described by Schouten and McCamy [1972] Profiles 
with obvious ridge jumps or other irregularities in spreading 
were avoided. To pick more precisely the location of the 
reversal boundaries corresponding to the anomalies, the 
profiles were bandpassed and downward continued between 1.5 

and 2.5 km after removal of the long wavelength component, 
also using the methods of Schouten and McCamy [1972]. The 
causative reversal boundaries were then determined on the basis 

of the local zero crossings. Occasionally this procedure did not 
produce a zero crossing for a desired anomaly pick and we would 
estimate the reversal boundary by eye. This procedure is illus- 
trated in Figure 3. 

The profiles that were averaged to obtain the category II 
widths are shown in Figures 4a to 4i after being deskewed and 
stretched to a common distance interval. At the top of each set 
of profiles in Figure 4 we show the average width of each 
subinterval as indicated by the vertical bars. It should be noted 
that the profiles in Figure 4 have not been downward continued. 
The downward continued versions of the profiles, used to 
actually determine the vertical bars shown in Figure 4, are not 
shown. A profile based on a stack of the realigned individual 
profiles is also shown, although purely as a reference. The 
distances between the subintervals on the stacked profile 
represents our best estimate of the relative polarity widths for 
the interval based on South Atlantic data. These category II 
distances are given in Table 2. 

FINE DETAIL FROM FAST SPREADING RIDGES 

For most of the category II intervals defined from the stacked 
South Atlantic profiles, it is necessary to analyze profiles from 
faster spreading rate ridges in order to resolve finer detail. 
Accordingly, we have compiled additional profiles, mostly from 
the Pacific and Indian oceans, in order to define the finer scale 
structure of the reversal sequence. For two portions of the 
reversal sequence, between the ridge axis and anomaly 3A and 
between anomalies 4A and 6, we used the results of previously 
published studies [Klitgord et al., 1975; Blakely, 1974, 
respectively]. 

Our method of construction of a reference section for the 

relative widths of magnetic anomalies is thus a tiered process in 
which successively greater detail is added to a basic framework 
based on the finite poles for the South Atlantic. This process is 
illustrated in Figure 5, in which the distances to reversal bound- 
aries are shown along the synthetic flow line in the South 
Atlantic at different stages. The left-hand column shows the 
category I distances as determined from the finite rotation 
poles. The next column shows the category II distances as 
determined from averaging anomaly widths on profiles in the 
South Atlantic. The following column shows the category 1II 
distances based on the f'me detail where it has been determined 

from faster spreading ridges. The right-hand column shows the 
anomaly spacings after the removal of the nonuniformly 
mapped tiny wiggles. 

Tiny Wiggles 

In many detailed studies of magnetic anomalies from fast 
spreading ridges, linear, small scale magnetic anomalies (tiny 
wiggles) that are clearly related to palcomagnetic field behavior 
are observed. However, there are two problems in interpreting 
these anomalies and including them in the time scale: (1) 
ambiguity in the type of dipole geomagnetic field behavior 
represented by the tiny wiggles, and (2) unevenness in temporal 
and spatial coverage. 

First, it is not clear that all tiny wiggles are due to short 
polarity intervals. The larger amplitude features are more 
obviously due to full reversals of the field, and in some cases 
they correlate with magnetostratigraphically identified short 
polarity intervals. However, most of the smaller amplitude 
anomalies have not been confirmed in magnetostratigraphic 
sections, and can be modeled as either due to very short polarity 
intervals [e.g., Blakely, 1974] or else as due to longer period 
(50 - 200 kyr) intensity variations [Cande and LaBrecque, 
1974]. 
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Second, due to both the unevenness of track coverage in 
different areas of the ocean and the fact that the oceanic crust has 
recorded some time intervals with higher resolution than others, 
the record of tiny wiggles is not uniform. Some intervals are 
well covered, either because of exceptionally detailed surveys 
(e.g., the Northeast Pacific NOAA surveys of the late 1960s and 
early 1970s) or because of good coverage in periods of very fast 
spreading (e.g., the Central Indian Ocean in the early 

Cenozoic), while an equivalent high resolution recording of 
Earth's magnetic field is at least presently not available or 
specifically studied for other intervals. For these reasons we 
were not able to model tiny wiggles for anomalies 15 to 23 and 
27 to 34. 

Tiny wiggles that were well documented in the analyzed 
profiles were modeled as short polarity intervals as a 
convenient means of identifying their position within the well 
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Fig. 3. Example of treatment of profiles. The original profile is 
projected perpendicular to the strike of the lineations Coottom), 
bandpassed and downward continued between 1.5 and 2.5 km (second to 
the bouom), and then deskewed and detrended (second from the top). 
The reversal boundaries (top) are determined from the zero crossings of 
the deskewed profile. 

Fig. 4. Average distances between anomalies in the South Atlantic, 
corresponding to the category II distances, are indicated by the vertical 
bars along the horizontal line through the stacked profile. These 
distances were determined by averaging the widths of the subintervals 
on the individual profiles. Each profile was treated as in the example in 
Figure 3 in order to determine the zero crossings shown by the vertical 
bars. Hand-entered points, when the treatment failed to obtain a zero 
crossing (very infrequent), are indicated by vertical bars that are half the 
height of the normal vertical bars. The profiles as shown here have 
only been deskewed, not downward continued, although downward 
continued profiles were used to determine the vertical bars. Figures 4a 
through 4i correspond to the nine category I intervals. 
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Fig. 5. Distances to anomalies along the synthetic flow line in the 
South Atlantic. The distances are built up from a combination of finite 
rotation poles (category I), averaged widths of anomalies in the South 
Atlantic (category II), and detailed studies of fast spreading rate 
anomalies (category Ill). The right-hand column shows the anomaly 
spacings after the removal of the nonuniformly mapped tiny wiggles. 

established reversal sequence and because this produced more 
realistic appearing models of the observed anomalies. 
However, in converting the distance reference section into a 
time scale, we tabulated these presumed short polarity intervals 
separately to emphasize both the uncertainty in interpretation 
(dipole field intensity variation vs. polarity reversal) as well as 
the temporal nonuniformity of the existing record. Tiny 
wiggles that converted to polarity intervals shorter than 30 kyr 
are listed separately in Table 3. We designate the tiny wiggles 
in Table 3 using a system that parallels the nomenclature 
adopted for the larger anomalies (Table 2), except that the 
apparent polarity of the interval must be inferred to be opposite 
that of the anomaly it occurs in. This nomenclature is discussed 
in the appendix. 

Many tiny wiggles, even on fast spreading ridges, are 
modeled as bodies only 0.5 to 1 km wide. When these intervals 
are interpolated into the South Atlantic flow line, for the 
purposes of constructing the time scale, they occasionally 
convert to bodies as narrow as 0.1 kin. Consequently, we 
present the distances in Tables 2 and 3 to a resolution of 0.01 
km, so that these intervals are not inaccurately portrayed due to 
roundoff errors. 

Fine Details of the Reversal Sequence 

Below are descriptions of the magnetic anomaly data used to 
insert detail of the reversal sequence from faster spreading ridge 

TABLE 3. Intervals of Uniform Crustal Magnetization 
Corresponding to Tiny Wiggles From Anomalies 1 to 13 

and From Anomalies 24 to 28 

Tiny 
Interval,* km Wiggle 

i , i , 

7.63 - 7.81 ln-1 
18.82 - 18.99 lr.2r- in 
38.75 - 39.10 2r.2r-1 

150.97 - 151.30 4r.2r-1 
184.42 - 184.60 5n.2n-1 
189.93 - 190.46 5n.2n-2 
195.80 - 196.15 5n.2n-3 
360.31 - 360.94 5Dr-1 
518.28 - 518.56 6Cr- 1 
539.96 - 540.37 7r-1 
565.72 - 566.02 8n.2n-1 
592.71 - 593.18 9n-1 
598.64 - 599.11 9n-2 
611.80 - 612.11 9r-1 
635.65 - 636.00 10r- 1 
639.95 - 640.13 10r-2 
668.93 - 669.30 1 lr- 1 

694.06 - 694.56 12r-1 
700.67 - 700.92 12r-2 
710.53 - 711.03 12r-3 
715.15 o 715.39 12r-4 
719.64 - 719.89 12r-5 
726.50 - 726.99 12r-6 
730.61 - 730.86 12r-7 
735.10 - 735.35 12r-8 
748.12 - 748.56 13n-1 
758.91 - 759.34 13r- 1 
764.15 - 764.36 13r-2 
771.73 - 772.16 13r-3 
778.14 - 778.57 13r-4 

1198.63 - 1198.77 24r-1 
1200.82 - 1200.96 24r-2 
1204.11 - 1204.25 24r-3 
1206.30 - 1206.44 24r-4 
1209.31 - 1209.45 24r-5 
1213.97 - 1214.11 24r-6 
1217.53 - 1217.67 24r-7 
1220,54 - 1220.68 24r-8 
1222.19 - 1222.32 24r-9 
1225.47 - 1225.61 24r-10 
1229.58 - 1229.72 24r-ll 
1245.52 - 1245.75 25r-1 
1247.76 - 1247.98 25r-2 

1249.77 - 1249.88 25r-3 
1253.12 - 1253.23 25r-4 
1255.13 - 1255.35 25r-5 
1269.63 - 1269.88 26r-1 
1277.28 - 1277.53 26r-2 
1280.08 - 1280.21 26r-3 
1282.64 - 1282.76 26r-4 
1287.99 - 1288.25 26r-5 
1292.58 o 1292.71 26r-6 
1296.16 - 1296.28 26r-7 

1344.19 - 1344.58 28r-1 

'1.29 km subtracted for Central Anomaly offset. 

systems into the South Atlantic category II distance framework. 
Figure 6 shows the location of these data in the context of the 
global ridge system. 

The central anomaly to anomaly 3A. The detailed spacings 
from Klitgord et al.'s [1975] study of deep tow and surface data 
from various ridges in the Pacific were used to define the 
spacings from the axis to anomaly 3A. The spacings of 
reversals within this interval were interpolated into the South 
Atlantic spacings (Figure 7, bottom) as is shown in Figure 7 
(middle). Four tiny wiggles have been identified from marine 
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Fig. 6. Reference map showing location of data maps used in this study. 
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Fig. 7. Distances between the axis and anomaly 3A, built up from the category II distances in the South Atlantic (bottom), 
the study of Klitgord et al. [ 1975] (middle), and other short events (top). 

magnetic studies in this interval. Wilson and Hey [1982] 
recognized a distinctive tiny wiggle within the Central anomaly 
which correlates with the Emperor subchron [Ryan, 1972; 
Champion et al., 1981] (but see Champion et al. [1988]). Rea 
and Blakely [1975] identified two tiny wiggles between 
anomalies 2 and 2A: the younger feature correlates with the 
Reunion subchron(s) [Gromme and Hay, 1971] and the older 
correlates with the "X"-anomaly [Heirtzler et al., 1968], for 
which there is only weak magnetostratigraphic evidence 
[Mankinen and Dalrymple, 1979]. More tentatively, Rea and 
Blakely [1975] identified a tiny wiggle between the Jaramillo 
and anomaly 2, which correlates with the Cobb Mountain 
subchron [Mankinen et al., 1978; Mankinen and Gromme, 
1982; Clement and Kent, 1987]. The composite reversal 
sequence including these four tiny wiggles is shown in Figure 7 
(top). 

Anomaly 3A to anomaly 4A. The sequence between anomaly 
3A and 4A is not well constrained from published studies. 
Talwani et al. [ 1971] calculated a set of relative anomaly widths 
based on data from the Reykjanes Ridge, but due to the slow 
spreading rate the details of the polarity sequence were not 
clearly resolved. To determine the relative spacings, we 

averaged the widths of anomalies on four aeromagnetic profiles 
from the Chile Ridge (Figure 8) [Tebbens et al., 1990]. We 
chose these profiles because the areal coverage is good and the 
spreading pattern is very uniform (Figure 9). The stacked 
profile (Figure 9, top) reveals several small scale anomalies 
between anomalies 3A and 4A that may be indicative of short 
polarity intervals, including one anomaly on the old side of 
anomaly 4 that has been previously recognized (4.3), but also 
small anomalies on the young shoulder of anomaly 4A, on the 
young shoulder of anomaly 4, and on the old shoulder of 
anomaly 3B. 

We stacked two profiles from the east flank of the fast 
spreading East Pacific Rise (Figure 10) to further investigate the 
small-scale anomalies seen in the Chile Rise stack. These 

profiles and their stack (Figure 11) reveal that the shoulder 
anomalies are indeed field related tiny wiggles. More specula- 
tively, we point out that there is a suggestion of an even smaller 
tiny wiggle on the young shoulder of anomaly 3B, although we 
have not included it in our final model. 

We have modeled the four tiny wiggles seen in the Chile Rise 
stack and confirmed in the EPR stack as due to short polarity 
intervals. The spacings for the South Atlantic framework, the 
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Fig. 8. Location of aeromagnetic profiles from the Chile Ridge used to constrain the relative widths of anomalies 3A to 4A in 
Figure 9. 
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Fig. 9. Averaged widths of subintervals between anomalies 3A and 4A, 
as indicated by vertical bars along top horizontal lines. Four profiles 
from the Chile Ridge, shown deskewed, were averaged to obtain the 
widths. 

Chile Rise constraints, and the full reversal sequence including 
the tiny wiggles, are shown in Figure 12 (bottom, middle and 
top, respectively). 

Anomaly 4A to anomaly 6. For this time interval, we have 
taken the spacings determined by Blakely [1974], who stacked 
14 profiles from the North Pacific NOAA survey, and inserted 
them into our South Atlantic framework. In Figure 13 we show 
the South Atlantic spacings (bottom) and the composite 
reversal sequence based on the Blakely [1974] pattern (top). 

Anomaly 6 to anomaly 8. For this interval we stacked two 
profiles from the North Pacific NOAA survey located just to the 
west of the profiles analyzed by Blakely [1974]. The profiles 
were selected (see Figure 14 for location) to avoid the complex 
pattern of propagating rifts apparent in this region [e.g., 
Atwater and Severinghaus, 1989]. The profiles and their stack 
are shown in Figure 15. 

The stack delineates the relative width of the many short 
anomalies within this interval. These apparent reversals have 
been inserted in the South Atlantic framework (Figure 16, center 
and bottom). In addition, we note a small anomaly on the 
young shoulder of anomaly 6B, a tiny wiggle in the center of 
anomaly 6B, and a tiny wiggle between anomalies 6C and 7. 
We have modeled these anomalies and included them in the 

reversal pattern (Figure 16, top). 
Anomaly 8 to anomaly 12. We have stacked 7 profiles from 

the NOAA survey between anomalies 8 and 12 (see Figure 14 for 
location). The stack of these profiles (Figure 17) provides the 
spacing for the intervals between the twin peaks of anomalies 
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Fig. 10. Location of two profiles from the East Pacific Rise shown in 
Figure 11. 
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Fig. 11. Deskewed profiles from the East Pacific Rise showing 
correlatable tiny wiggles near anomalies 3B and 4. 

10 and 11. We have also identified eight tiny wiggles in the 
stack and have modeled them as discrete short polarity 
intervals. The South Atlantic framework, the detail from the 
stack, and the short polarity intervals as we have modeled them, 
are shown in Figure 18 (bottom, middle and top, respectively). 

Anomaly 12 to anomaly 15. From the same general area of 
the NOAA survey (Figure 14), we have selected and stacked five 
profiles crossing anomalies 12 to 15 (Figure 19). The stack 
reveals a pattern of tiny wiggles superimposed on both of the 
long negative anomalies. The eight tiny wiggles between 
anomalies 12 and 13 were described and modeled by Cande and 
LaBrecque [1974]; we recognize the same tiny wiggles in our 
model presented here. Between anomalies 13 and 15 we have 
identified and modeled four tiny wiggles, and we also identify a 
tiny wiggle within anomaly 13. (It is interesting to note that 
Heirtzler et al. [1968] included four short polarity intervals 
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Fig. 12. Distances between anomalies 3A and 4A based on a combination of the category II South Atlantic distances 
(bottom), the averaged Chile Ridge profiles (middle), and models of the tiny wiggles observed in the East Pacific Rise profiles 
(top). 
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Fig. 13. Detailed spacings between anomalies 4A and 6 based on the South Atlantic category I intervals (bottom), and the 
detailed study of the Northeast Pacific NOAA lines by Blakely [1974] (top). 
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Fig. 14. Location of profiles in the Northeast Pacific used to constrain the fine details of anomalies 6 through 20 and 
anomalies 28 to 32. 
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Fig. 15. Two NOAA lines from the Northeast Pacific that were averaged to constrain the widths of subintervals between 
anomalies 5E and 8. 
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Fig. 16. Distances between anomalies 5E to 8 as constrained by a combination of category H distances from the South 
Atlantic Coottom), the average of the two lines shown in Figure 15 (middle), and detailed modeling of the tiny wiggles within 
anomaly 6B, between anomalies 6C and 7, and between anomalies 7 and 7A (top). 
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Fig. 17. Seven NOAA lines from the Northeast Pacific that were 
averaged to constrain the widths of subintervals between anomalies 8 
and 12. 

between anomalies 13 and 15 in their time scale and the 

youngest of them was called anomaly 14.) We show the South 
Atlantic framework and the reversal sequence based on it in 
Figure 18 (bottom and middle) and the short polarity intervals 
based on the North Pacific data in Figure 18 (top). 

Anomaly 15 to anomaly 20. The fine detail within anomalies 
15 to 20 was constrained from five profiles from the North 
Pacific located to the west of the NOAA survey area (Figure 14). 
We show the profiles and their stack in Figure 20. The stack was 
used to constrain the relative widths of the anomalies (Figure 
21, middle) and as a guide to model the fine detail within 
anomaly 17 (Figure 21, top). There are almost certainly addi- 
tional cotrelatable tiny wiggles within this sequence. For 
example, within the young part of anomaly 18 there is a tiny 
wiggle observed on the two lowermost profiles in the stack. 
However, we have not modeled the tiny wiggles in this sequence 
as we have for anomalies 8 through 15 because the profiles are 
more widely separated than in the NOAA survey area and the 
stack is not as definitive a record of the reversal history. For 
example, the tiny wiggles within the negative intervals on 
either side of anomaly 19 are almost as distinct as the tiny 
wiggle within anomaly 18, yet we would feel uncomfortable in 
modeling it as a true field related event based only on these 
profiles. We prefer to leave the tiny wiggle record blank and 
note that in any case the features in question would be too short 
to be included in the final time scale. 

Anomaly 20 to anomaly 23. The reversal sequence in this 
time interval consists of several long reversed and normal 
polarity intervals. The South Atlantic spacings are adequate to 
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Fig. 18. Distances between anomalies 8 and 15 as constrained by a combination of the category H distances form the South 
Atlantic Coottom), the average of the NOAA lines shown in Figures 16 and 18 (center), and detailed modeling of the tiny 
wiggles observed in the stacks (top). 
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model this interval and no exceptional surveys allow a 
systematic search for tiny wiggles on faster spreading ridges. 

Anomaly 23 to anomaly 28. We have stacked two profiles 
from the south flank of the Central Indian Ridge (Figure 23, see 
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Fig. 19. Five NOAA lines from the Northeast Pacific that were averaged 
to constrain the width of anomaly 13 and to determine the location of 
the cotrelatable tiny wiggles between anomalies 13 and 15. 

Figure 22 for location) that record the reversal sequence in this 
time interval at the fast spreading rate of roughly 60 mm/yr 
(half rate). We have used the stack to constrain the relative 
widths of the polarity intervals (Figure 24, middle). 

There are numerous tiny wiggles in this time interval; a 
relatively long one (-50 k.y.) has been previously modeled 
within anomaly 24 [Schlich, 1975]. In addition, from a detailed 
study of a large number of profiles from the Indian Ocean [Cande 
and Kent, 1992], we recognize an essentially continuous pattern 
of tiny wiggles between anomalies 24 and 27. We find that 
almost all of the small scale features observed in the two 

profiles in Figure 23 are observed on other profiles in the Indian 
Ocean and are recognized in a stack of the profiles. In Cande and 
Kent [1992] we modeled the pattern of very short polarity 
intervals that simulates the small scale anomalies; this pattern 
is shown in Figure 24 (top). 

The recognition of the continous pattern of tiny wiggles 
between anomalies 24 and 27 has led us [Cande and Kent, 1992] 
to develop an alternative model for their interpretation. Neither 
of the existing models for tiny wiggles is particularly 
appealing. If all tiny wiggles are due to short polarity events 
[e.g., Blakely, 1974], then it would require a sixfold increase in 
reversal frequency to account for the large number of tiny 
wiggles between anomalies 24 and 27. Alternatively, the Cande 
and Labrecque [1974] model of long period intensity variations 
requires fluctuations of the dipole field at periods (50 to 200 
kyr) substantially longer than generally attributed to core 
processes (~10 kyr). In Cande and Kent [1992], we show that 
tiny wiggles can be attributed to random, short period (2 to 20 
kyr) intensity variations of the dipole field which appear as 15 
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Fig. 21. Distances between anomalies 15 and 20 as constrained by a combination of the category II distances from the South 
Atlantic (bottom), and the detail from the averaged widths of the subintervals on the North Pacific profiles (top). 
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to 25 km wavelength anomalies at the sea surface due to the 
bandpassing effect of the "Earth filter" [Schouten and McCamy, 
1972]. This suggests that tiny wiggles do not require an unusal 
type of field behavior and, therefore, that they are not 
unexpected as a background signal in fast spreading rate, high 
resolution, marine magnetic anomaly records. 

Anomaly 28 to anomaly 33. We have constrained the relative 
widths of the polarity intervals in this time period using 
profiles from the North Pacific. The relative widths of 
anomalies in the North Pacific varies considerably between 
spreading corridors. Consequently, instead of taking the 
average of a stack we selected short sections of individual 
profiles: Geosecs-A (GECSA) from North of the Murray Fracture 
Zone for the relative widths of anomalies 28 and 29, and 
Pioneer 7103 (P7103-1) from just south of the Surveyor 
Fracture Zone for anomalies 30 to 32. These profiles are shown 
in Figure 25; see Figure 14 for location. Except for a widely 
recognized short normal polarity interval between anomalies 32 
and 33 and a tiny wiggle identified by Schlich [1975] between 
anomalies 28 and 29, we have not modeled any tiny wiggles in 
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Fig. 22. Location of profiles in the Indian Ocean that were used to 
constrain the widths of anomalies 22 to 28. 

this time interval. The resulting reversal pattern is shown in 
Figure 26. 

Anomaly 33 to anomaly 34. We have not modeled any fine 
detail in this time interval, as these distinctive, long 
wavelength anomalies are well constrained from the South 
Atlantic alone. 

Error Analysis 

Errors in the widths of the category I and category lI intervals 
can be estimated in a straightforward fashion. We estimate that 
the confidence ovals and the errors in the rotation angles 
(estimated by Cande et al. [1988] to be roughly 0.05 ø to 0.1 ø) 
for the finite rotation poles used to constrain the category I 
intervals translate into an error of roughly 10 km in the distance 
along the flowline, or an accuracy of 1 to 3% depending on the 
width of the interval. 

Errors in the widths of the category II intervals are calculated 
from the statistics of the individual estimates that were used to 

determine the average widths. By assuming that the individual 
estimates are normally distributed with a standard deviation o, 
about the mean width, •, of N observations, the true mean, IX is 
expected to lie with 95% confidence within the limits 

•_ 1.96o < !x <• + 1.96o 

In Table 4 we give the mean width, the number of 
observations, the 95% confidence interval and the percent error 
that the 95% confidence interval represents, for all of the 
category II intervals. The percent error ranges from 1.1% for 
the interval between anomalies 13 and 15, to 17% for the 
interval between anomalies 23 and 24. The average error is 
roughly 7%. 

Because the category III intervals are based on either one or 
two carefully selected profiles or else stacks of profiles from a 
small area, it is not possible to make a significant estimate of 
the error in these intervals. 

Adjustment to the Central Anomaly and the Composite Sequence 

To account for the finite width of the emplacement zone of 
magnetized oceanic crust, a small but systematic adjustment of 
the anomaly distances is required before the composite reversal 
sequence is calibrated to generate a time scale. The width of the 
transition zone over the Brunhes/Matuyama boundary in the 
South Atlantic as inferred from the shapes of magnetic 
anomalies is estimated at about 3 km [Carbotte et al., 1991]. 
Since the outward displacement of polarity boundaries due to 
this effect is expected to be about half the transition zone width 
[Atwater and Mudie, 1973], it is necessary to subtract roughly 
1.5 km from all the anomaly distances in the composite 
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Fig. 23. Two deskewed profiles from the Indian Ocean that have been averaged to obtain the widths of the sub-intervals 
between anomalies 22 and 28. The tiny wiggles between anomalies 24 and 27 are remarkably correlatable. 
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Fig. 24. The distances between anomalies 22 and 28 as constrained by a combination of the category II distances in the South 
Atlantic (bottom), the averaged widths of the subintervals on the Indian Ocean profiles (middle), and detailed modeling of the 
tiny wiggles between anomalies 24 and 27 (top). 
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Fig. 25. Two profiles from the North Pacific used to constrain the widths of the subintervals between anomalies 28 and 33. 
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Fig. 26. Distances between anomalies 28 and 33 as constrained by a combination of the South Atlantic category II distances 
(bottom), the North Pacific profile (center), and modeling of the short event between anomalies 32 and 33 and Schlich's 
[1975] tiny wiggle between anomalies 28 and 29 (top). 

sequence. Failure to do so leads to an unreasonably old age of 
the Brunhes/Matuyama boundary of well over 0.8 Ma. The 
actual amount of the correction that we used, 1.29 km, was 
determined by forcing the age of the Brunhes/Matuyama 
boundary to equal a predetermined value as discussed later. The 
consequence of this correction for Central Anomaly offset is 
that the half-width of the Central Anomaly is reduced from about 
13.4 km to 12.2 km in the South Ariantic reference flow line. 

AGE CALIBRATION OF COMPOSITE SEQUENCE 

We have derived a composite geomagnetic polarity sequence 
along a synthetic flow line for the South Atlantic ridge system 
(right-hand column of Figure 5; Tables 2 and 3). Age 

calibration of the geomagnetic polarity intervals to make a time 
scale is thus reduced to the determination of the seafloor 

spreading history of the South Atlantic. 
Previous geomagnetic reversal time scale calibration methods 

assumed one or more extended intervals of constant spreading 
rate in the South Atlantic, ranging from over practically the 
entire ridge crest anomaly sequence (HDHPL68; LKC77) to the 
nominal duration (-6 m.y.) of geologic stages [Lowrie and 
Alvarez, 1981] (LA81). The assumption of constant spreading 
rate over extended time intervals is clearly an oversimplifi- 
cation and is no longer necessary with the availability of more 
numerous age calibration data. On the other hand, strict linear 
interpolation can result in frequent and abrupt changes in 
apparent spreading rate that are simply artifacts of inaccuracies 
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in closely spaced calibration tie points, as was pointed out for 
example, by Harland et al. [ 1982]. 

In our initial efforts to identify long profiles from different 
ridge systems that could be used as reference sequences, ridge- 
ridge comparisons involving the South Atlantic showed the 
fewest kinks or sudden shifts in relative spreading. This 
suggested that South Atlantic spreading was relatively uniform 

and continuous. Accordingly, we assume for the purposes of 
temporal calibration a smoothly varying (but not necessarily 
constant) rate of spreading from anomaly 34 to the ridge axis 
for the South Atlantic ridge system. In practice, we chose nine 
more or less evenly distributed age calibration points, and fit 
them with a cubic spline approximation to interpolate the age 
of polarity intervals. 

TABLE 4. Category II Statistics 

Mean 

Anomaly Width, km N 
95% Confidence 

Interval, km % Error 

In 13.425' 6 

lr 15.662 6 

2 13.953 6 

2A-3n. 1 28.809 6 

3r•2-3r 26.314 6 
3A-3B 29.605 6 

4 25.838 6 

4A 20.020 8 

5 51.186 8 

5A-5AB 41.008 8 

5AC-5AD 25.639 8 
5B 28.217 8 

5C 29.255 8 

5D 23.224 8 

5E 17.775 8 

6 34.292 8 

6A 18.909 8 

6AA 27.126 8 

6B 21.643 8 

6Cn 18.794 8 

6Cr 17.881 8 

7n 8.732 9 

7r-7A 16.297 9 

8n 18.714 9 

8r 12.194 9 

9n 24.739 9 

9r 8.176 9 

10n 12.146 9 

10r 17.268 9 

11n 18.588 9 
11r 10.023 9 

12n 12.261 9 
12r 56.206 9 

13 41.766 5 

15 17.754 5 

16 32.53O 5 

17 45.142 5 

18n 41.386 5 

18r 26.744 5 

19 29.692 5 

20n 28.413 5 

20r 54.180 5 

21n 34.466 5 

21r 22.843 5 

22n 13.232 5 

22r 20.046 5 

23 28.137 5 

24 55.547 5 

25 23.297 5 

26 46.001 5 

27 21.900 5 
28 46.136 5 

30-31n 57.297 8 
31r 51.976 8 

32 68.291 8 

33n 174.348 6 

33r 138.564 6 

0.784 6.3 

1.782 11.3 

0.576 4.1 

2.118 7.3 

3.524 13.3 

1.789 6.0 

3.226 12.4 

2.142 10.7 

2.355 4.6 

2.419 5.9 

2.282 8.9 

1.298 4.6 

4.154 14.2 

2.392 10.3 

1.653 9.3 

3.223 9.4 

1.456 7.7 

2.740 10.1 

2.749 12.7 

1,428 7.6 
1.502 8.4 

1.057 12.1 

0.652 4.0 

1.273 6.8 
0.988 8.1 

3.018 12.2 

0.589 7.2 

1.494 12.3 

2.279 13.2 

1.747 9.4 

1.383 13.8 

1.238 10.1 

3.091 5.5 

O. 459 1.1 

0.728 4.1 

1.984 6.1 

2.754 6.1 

2.856 6.9 

0.749 2.8 

2.108 7.1 

2.046 7.2 

3.576 6.6 

2.895 8.4 

2.924 12.8 

1.059 8.0 

2.385 11.9 

4.868 17.3 

5.221 9.4 

2.260 9.7 

2.8O6 6.1 

3.022 13.8 

4.475 9.7 

5.730 10.0 

3.430 6.6 

5.736 8.4 

5.753 3.3 

5.820 4.2 

*Not corrected for 1.29 km Central Anomaly offset. 
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Harland et al. [1990] recently analyzed the available body of 
diagnostic radioisotopic age data in the form of chronograms 
for geologic stage boundaries. In essence, a chronogram 
portrays a measure of the overall inconsistency in a set of 
constraining radioisotopic age data as a function of trial ages 
for a particular boundary; the best chronogram estimate of the 
boundary age is that which minimizes the measure of 
inconsistency among the dates weighted according to their 
individual analytical errors. In principle, chronogram estimates 
thus embody the influence of all the available radioisotopic data 
and consequently should be robust. In practice, the 
chronograms often do not provide acceptable age control due 
mostly to the lack of an adequate number and distribution of 
reliable dates. Consequently, Harland et al. [1990] did not use 
chronogram estimates from virtually the Priabonian to 
B artonian Stage boundary in the Eocene to the Campanian to 
Santonian Stage boundary in the Late Cretaceous for calibration 
of the GTS89 geomagnetic polarity time scale. 

We selected magnetobiostratigraphically well-correlated 
calibration points spaced at approximately 10 m.y. intervals, 
comparable in temporal separation to the category I intervals 
used to construct the overall framework for South Atlantic sea- 

floor spreading. The selected tiepoints in the Neogene largely 
conform to the chronogram estimates from Harland et al. 
[1990], whereas for the tiepoints in the Paleogene, we were 
guided by a recent assessment of correlations and age estimates 
by Berggren et al. [1992]; Late Cretaceous age assignments are 
similar to those in Berggren et al. [1985b] and Harland et al. 
[1990]. 

The nine selected calibration points (Table 5) are a 
distillation of a much larger number of individual radioisotopic 
dates as described below. The tiepoints reflect a preference for 
those data which can be tied to the magnetic anomaly sequence 
via marine magnetobiostratigraphic correlations and 
constraints from biostratigraphic correlation of sediments 
overlying oceanic basement [Cande et al., 1989]. An exception 
is the tiepoint at the Cretaceous/Paleogene boundary for which 
the iridium anomaly provides a means of precise correlation 
between the marine record and the nonmarine sediments from 

which the radioisotopic dates have been obtained. In general, 
though, data from terrestrial (i.e., nonmarine) sections are 
generally not sufficiently independent for time scale calibration 
because the radioisotopic age information itself tends to be used 
as a basis for detailed correlation to the marine magnetic 
anomaly sequence. A case in point are the two Oligocene ash 
layers in terrestrial deposits in western North America that 
provided important age calibration constraints for the 
Paleogene part of BKFV85, but whose correlation to the 
polarity sequence has been successively reinterpreted on the 

TABLE 5. Age Calibrations for Geomagnetic Polarity Time 
Scale 

South Atlantic 

Chron distance,* km Age, Ma 

C2An(0.0) 41.75 2.6 
CSBn(0.0) 290.17 14.8 
C6Cn,2r(0.0) 501.55 23.8 
C13r(.14) 759.49 33.7 
C21n(.33) 1071.62 46.8 
C24r(.66) 1221.• 55.0 
C29r(.3) 1364.37 66.0 
C33n(.15) 1575.56 74.5 
C34n(0.0) 1862.32 83.0 

'1.29 km subtracted to account for Central Anomaly offset. 

basis of new, high-precision radioisotopic dating [Swisher and 
Prothero, 1990; Prothero and Swisher, 1992]. In the following 
section, we describe details of the calibration points using a 
chron nomenclature as defined in the appendix. 

Description of Calibration Points 

1. After the zero-age ridge axis, the youngest calibration 
point in virtually every geomagnetic polarity time scale since 
and including HDHPL68 has been for the old end of anomaly 2A 
(= C2Ar(0.0)), correlative to the Gauss/Gilbert boundary. 
Mankinen and Dalrymple [1979] give a chronogram estimate of 
3.40 Ma for the Gauss/Gilbert boundary. Recently, however, it 
has been possible to date high resolution climate records for the 
Plio-Pleistocene by assuming that their variability was forced 
by the well-known variations in the Earth's orbital parameters. 
Astronomical time scales developed from climatic records from 
the equatorial Pacific [Shackleton et al., 1990] and the 
Mediterranean region [Hilgen, 1991a, b] reveal that the 
conventional radiosotopic age estimates for geomagnetic 
reversal boundaries in the Plio-Pleistocene are consistently too 
young by about 5 to 7%. For example, Hilgen [1991b] derives 
an astrochronologic age of 3.58 Ma for the Gauss/Gilbert 
boundary. Similarly, the astrochronologic age for the 
Brunhes/Matuyama boundary derived by Shackleton et al. 
[1990] is 0.78 Ma as compared to the chronogram estimate of 
0.73 Ma given by Mankinen and Dalrymple [1979]. In a 
remarkable confirmation of this astrochronologic deter- 
mination well-defined 40Ar/39Ar dates from lavas from Maui 
which lie within the Brunhes/Matuyama transition give an age 
of 0.783 Ma [Baksi et al., 1992]. The precise agreement now 
emerging between the astrochronologic ages and new high 
precision radiometric ages for the last 5 m.y. [see also Baksi et 
al., 1991a,b; Walker et al., 1991' Tauxe et al, 1991] also 
suggests that the earlier conventional K/At dates that have been 
generally used to estimate the ages of the most recent 
geomagnetic reversal boundaries are the main cause of the 
discrepancies, rather than inaccuracies in the fundamental 
radiometric decay constants. 

Acknowledging the break with tradition in attempting to take 
into account the new information, we use a calibration tiepoint 
at the Matuyama/Gauss boundary (= C2An(0.0)) set to 2.60 Ma, 
as determined from astronomical calibration of two independent 
sets of data by Shackleton et al. [1990] and Hilgen [1991b]. 
This compares with a chronogram estimate of 2.48 Ma for the 
Matuyama/Gauss boundary determined by Mankinen and 
Dalrymple [1979]. We also used the astrochronologic estimate 
of 0.78 Ma for the Brunhes/Matuyama boundary to determine 
the amount of correction for the outward displacement of the 
Central Anomaly (1.29 kin) as discussed earlier. 

2. Most recent time scales (e.g., BKFV85, GTS89) have a 
calibration point at anomaly 5 (= chron C5n). However, in 
view of the continued uncertainty (discussed below) regarding 
what is the best age estimate for chron C5n, we prefer to use 
instead a calibration point lower in the Miocene. Accordingly, 
we assign an age of 14.8 Ma to the younger end of chron C5Bn 
(= C5Bn(0.0)). This is based on radioisotopic age constraints 
on the correlative N9/N10 foraminifera zone boundary of Miller 
et al. [1985] and Berggren et al. [1985b], as estimated in Japan 
(14.6 +_ 0.4 Ma [Tsuchi et al., 1981]) and in Martinique (15.0 + 
0.3 Ma [Andreieft et al., 1976]). This calibration agrees well 
with derived ages for chron C5Bn(0.0) of 14.87 Ma in BKFV85 
and 14.98 Ma in GTS89, as well as a chronogram estimate of 
14.6 Ma [Harland et al., 1990] for the approximately correlative 
S erravallian/Langhian boundary. 

3. The Miocene/Oligocene (Aquitanian to Chattian) boundary 
can be correlated to the middle part of chron C6Cn (= 
C6Cn.2r(0.0)) [Berggren et al., 1985b], and has a chronogram 
estimate of 23.8 Ma (five dates listed for the Aquitanian, 20 
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dates for the Chattian) according to Harland et al. [1990]. This 
is virtually identical to the age (23.7 Ma) estimated in BKFV85. 

4. The Oligocene[Eocene (Rupelian to Priabonian) boundary 
has been correlated to a level within the upper part of 
chronozone C13r (= C13r(0.14)) in the proposed stratotype 
Massignano section in the Apennines [Nocchi et al., 1986]. 
Harland et al. [1990] give a chronogram estimate of 36.4 Ma for 
this boundary. More recent assessments of radioisotopic age 
data [e.g., Berggren et al., 1992], however, suggest an age for 
the boundary that is at least 2 m.y. younger as constrained, for 
example, by dates of 33.9 Ma to 34.6 Ma on volcanic ashes 
from the lower part of chronozone C13r at Massignano 
[Montanari et al., 1988] and a date of 33.4 Ma on oceanic 
basement associated with anomaly 13 (= chron C13n) at Ocean 
Drilling Project Site 706 [Duncan and Hargraves, 1990]. Odin 
et al. [1991] have critically evaluated the bio- and 
magnetostratigraphically well-controlled radioisotopic dates 
from the Paleogene sequence in the Apennines and based on 
additional analyses, obtain an estimate for the Eocene/ 
Oligocene boundary of 33.7+0.4 Ma which we use for 
calibration. 

5. Subdivisions of the Eocene do not provide chronogram 
estimates suitable for time scale calibration according to 
Harland et al. [1990], whereas recent work by Prothero and 
Swisher [1992] indicates that the radioisotopic dams from 
terrestrial deposits in Wyoming [Flynn, 1986] that were the 
basis for a calibration point of 49.5 Ma for the younger end of 
chron C21n in BKFV85 are likely to be anomalously old. 
Bryan and Duncan [ 1983] obtained a K-At date of 46.8+0.5 Ma 
on biotites from sediments in DSDP Hole 516F which are 

magnetobiostratigraphically constrained to the upper part of 
chron C21n (= C21n(0.33)) [Berggren et al., 1983,1992]. This 
calibration is supported by dates of 46.2 Ma (K-At) and 45.7 Ma 
(Rb-Sr) reported by Harris and Fullager [1989] on bentonire 
from the lower Castle Hayne Formation of the Ariantic Coastal 
Plain which is biostratigraphically constrained to the older part 
of chron C20r [Berggren et al., 1992]. 

6. For the Paleocene[Eocene (Ypresian to Thanetian) 
boundary, Harland et al. [1990] rejected their chronogram 
estimate of 53.4 Ma as too young because it is controlled 
entirely by glauconites; instead they used an interpolated age of 

56.5 Ma. On the basis of new 40Ar/39Ar dates on volcanic ash 
from earliest Eocene marine deposits in Denmark and the North 
Sea Basin, Swisher and Knox [1991] estimate an age of 55 Ma 
for the nannofossil NP9/NP10 boundary [see also Berggren et 
al., 1992]. This level, which approximates the position of the 
Paleocene/Eocene boundary occurs about 2/3 down in chron 
C24r (= C24r(0.66)) according to Berggren et al. [1985a, b]. 

7. The Cretaceous/Paleogene (Maastrichtian to Danian) 
boundary lies 3/10 down in chron C29r (= C29r(0.3)) according 
to an average of 5 magnetostratigraphic sections [Preisinger et 
a!., 1986]. Harland et al. [1990] obtained a chronogram 
estimate of 66 Ma for the Cretaceous/Paleogene boundary (based 
on 20 dates listed for the Maastrichtian and 15 dates for the 

Danian), essentially the same value suggested by Obradovich et 
al. [1986] based on work on a magnetostratigraphic section in 
Red Desert Valley, Alberta. The 66 Ma age estimate which we 
adopt is also supported by laser fusion 40Ar/39Ar dates on 
single crystals of sanidine extracted from the iridium-bearing 
lower Z Coal in Montana (C. S wisher and L. Dingus, written 
communication, 1990; see Berggren et al. [1992] for discussion 
of apparently conflicting data reported by Izett et al. [1991]). 

8. In Umbria, the Maastrichtian/Campanian boundary is 
placed in the late part of Chronozone C33n (= C33n(0.15)) 
[Alvarez et al., 1977; Harland et al., 1990]. For a 
biostratigraphically correlative level in the Western Interior of 
North America, Obradovich and Cobban [1975] obtained 
constraining K-At dates on bentonites of 74 to 75 Ma (corrected 
to new decay constants), which suggest an age of about 74.5 Ma 
for the boundary (see Berggren et al. [1985a, pp. 194-195] for 
discussion of correlations). Information that supports this age 
estimate has been provided by Obradovich et al. [1986] who 

report an 40Ar/39Ar date of 73.4 Ma for a bentonite near the top 
of a normal polarity magnetozone identified as Chron C33n in 
the San Juan Basin, New Mexico, and by J.D. Obradovich 
(written communication, 1990) who obtained a date of 75.2 + 
0.5 Ma on a bentonite in southwestern Arkansas from the lower 

part of the Globotruncana calcarata zone (the base of this 
biozone occurs about 1/3 down in Chron C33n in Umbria and is 

hence approximately 0.5 - 1 m.y. older than the 
Maastrichtian/Campanian boundary which is placed at the G. 
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Fig. 27. Ages of magnetic anomalies (crosses) as determined by fitting a cubic spline approximation function to the 
calibration points (inverted triangles). 
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calcarata/G. tricarinata zonal boundary [Alvarez et al., 1977]). 
9. Arthur and Fischer [1977] show the Campanian/Santonian 

boundary at a level several meters below the top of the Gubbio 
Long Normal Zone, the young end of chron C34n (= 
C34n(0.0)). On the basis of biostratigraphically controlled 
40Ar/39Ar dates on a bentonite from the Western Interior of 
North America, Obradovich et al. [1986] confirm an age of 
about 84 Ma for the Campanian/Santonian boundary that had 
been suggested by Obradovich and Cobban [1975] (corrected for 
new decay constants). We estimate an age of 83 Ma for the 
stratigraphically younger C34n(0.0) level. 

Determination of a New Time Scale 

A natural cubic spline function was fit to the nine calibration 
age-distance data plus the origin to interpolate the ages of 
anomalies. The calibration points and the anomaly ages are 
shown in a distance versus age plot in Figure 27. The new time 
scale (CK92; Table 6) is presented in Figure 28, ,• •th geological 
correlations to anomalies at the stage level, adjusted to the new 
derived ages, based on BKFV85. 

In Figure 29 we show an expanded version of the time scale, 
with names for all of the polarity chrons and subchrons. The 
occurrences as presently known of cryptochrons (those tiny 
wiggles modeled as events less than 30 ky duration, Table 7) are 
indicated by short horizontal lines to the right of the reversal 
pattern, reflecting the uncertainty in their interpretation and the 
nonuniformity of coverage. 

In Tables 6 and 7 we give the ages of the normal polarity 
intervals to a resolution of 1 kyr. This is necessary because 
several of the tiny wiggles convert to cryptochrons that are less 
than 10 kyr in duration and consequently might be lost if the 
ages of the bounding polarity reversals were rounded off to the 
nearest 10 ky. Between Tables 6 and 7, we recognize a total of 
92 normal polarity chrons and subchrons (and of course a like 
number of reversed polarity intervals) and 54 cryptochrons over 
the past 83 m.y. 

Comparison to Previous Time Scales 

A comparison of our new time scale to some previous 
geomagnetic polarity time scales is shown in Figure 30. 
Differences can be expected as a result of the variety of 
calibration data and methodologies that have been used to 
construct the time scales, as well as changes made to the relative 
spacing of the polarity intervals. 

Within the Neogene (to chron C6Cn), there are two key 
differences between our time scale and previous versions. First, 
since we used the astrochronologic calibration of 2.60 Ma for 
the Matuyama/Gauss boundary that is about 5% older than the 
chronogram estimate of 2.48 Ma based on conventional K/At 
radiometric dates [Mankinen and Dalrymple, 1979], our time 
scale gives proportionately older ages for other geomagnetic 
reversal boundaries in the younger part of the time scale. There 
is already excellent agreement in the few available direct 
comparisons between astrochronologic and high precision 
radioisotopic age determinations, as outlined above in the 
description of calibration points, and we expect that further 
refinements in the chronology of Plio-Pleistocene and older 
reversals will be soon emerge with the increasing application of 
these high resolution dating methods. 

The second key difference in the Neogene is the age of 
anomaly 5 (= chron C5n): our time scale gives predicted age 
limits (9.592 to 10.834 Ma) that are about 0.5 to 1.0 m.y. older 
than in virtually all previous time scales (e.g., 8.92 to 10.42 
Ma in BKFV85, GTS89; 8.35 to 9.90 Ma in LKC77). We did 
not use chron C5n as a calibration point. Moreover, more 
widely bracketing age constraints are not that different, for 
example, our calibration of C5Bn(0.0) at 14.80 Ma is very 

GEOMAGNETIC POLARITY TIME SCALE 
LATE CRETACEOUS TO RECENT 

PL ElS TOCEIVE 1 '" • 

PL. 10- L PIACENZIAN 2A--- 
CEtVE E ZANCLEAN 3 ... I 

MESSINIAN 3A..- 
3B-'-__ 

TORTO NIAN 4A'--__ 

SERRAVALIAN 

LANGHIAN 
5C-'- 

5D--- 

BURDIGALIAN 5E--- 
6 

6A--- 

AQUITANIAN 6B.-. 
6C .... 

¬ 

¬ 

% 

¬ 

L CHATTIAN -- 
9øøø 

1¸ooo 

E RUPELIAN 12_... 

PRIABONIAN 16 
17--- 

BARTONIAN 18'-' 

LUTETIAN 

E YPRESIAN 
24..- 

L SELANDIAN 26.-- 

E DANIAN 
28"- 

29-.- 

% 

% 
¬ 

¬ 

MAASTRICHTIAN 

CAMPANIAN 

SANTON IAN 

-o Mo 
_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

-10 
_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

- 20 
_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

- 30 
_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

-40 
_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

- 50 
_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

- 60 
_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

- 70 
_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

- 80 
_ 

_ 

_ 

_ 

_ 

_ 

_ 
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similar to the interpolated age of 14.87 Ma in BKFV85 whereas 
the revised age we use for the Gauss/Matuyama calibration point 
accounts for a only a small part of the shift of citron C5n to an 
older age in our time scale (i.e., C5n would be 0.14 m.y. 
younger if 2.48 Ma was used instead of 2.60 Ma for C2An 
(0.0)). Therefore, the different age we derive for C5n primarily 
results from changes in the relative spacing of the anomalies, a 
stretching between anomalies 4A and 5 and a relative 
contraction between anomalies 5 and 5A. Our predicted age 
range for citron C5n agrees well with the most recent estimates 
based on radioisotopic dating of Icelandic lavas by McDougall 
et al. [1984], who give ages of 9.64 Ma and 11.07 Ma for the 
boundaries of a normal polarity magnetozone they correlate 
with chron C5n. Age estimates for the base of citron C5n 
obtained previously from the Icelandic sections (10.30 Ma by 
McDougall et al. [1984] and 10.47 Ma by Saernundsson et al. 
[1980]), as well as estimates from East African 
magnetostratigraphic sections (10.0 Ma by Tauxe et al. [1985] 

and 10.3 Ma by Deino et al. [1990]), are less compatible with 
our interpolated age for citron C5n. 

In the Paleogene (nominally citron C6C to citron C29), where 
we have completely revised the relative spacings of polarity 
intervals, there are many detailed differences between CK92 and 
previous time scales. For example, even though the age for 
C6Cr(0.0) is very similar (within 4).3 m.y.) in CK92 compared 
to GTS89, BKFV85, LA81 and LKC77, the duration of citron 
C6Cr is about a factor of two shorter in CK92 compared to these 
other time scales derived from HDHPL68 (-0.7 m.y. versus -1.4 
m.y.). A major cause of variation in the Paleogene, however, 
stems from the differences in the ages used for the calibration of 
the various time scales. Age estimates of the limits of the 
Paleogene (the Oligocene/Miocene at 23.8 Ma and 
Cretaceous/Paleogene at 66 Ma in this paper) may not have 
changed by more than -1 m.y. in the decade since LA81, but the 
ages estimated for subdivisions of the Paleogene have evolved 
considerably (e.g., the Eocene/Oligocene boundary: 38 Ma in 

TABLE 6. Normal Polarity Intervals TABLE 6. (continued) 

Normal Polarity Polarity 
Interval, Ma Chron 

Normal Polarity 
Interval, Ma 

Polarity 
Chron 

0.000 
0.984 

1.757 
2.197 
2.600 
3.127 
3.325 
4.033 

4.265 
4.611 

4.812 
5.7O5 
6.078 
6.744 

6.946 

7.153 

7.245 
7.464 
8.047 

8.529 

9.O69 
9.428 
9.592 
9.777 

10.940 
11.378 
11.852 
12.108 
12.618 
12.718 
12.941 
13.263 
13.674 
14.164 
14.800 
15.038 
16.035 
16.352 
16.583 
17.310 
18.317 
19.083 

21.021 
21.787 
22.166 
22.471 

0.780 Cln 22.599 
1.049 Clr. ln 22.814 
1.983 C2n 23.357 
2.229 C2r. ln 23.678 
3.054 C2An.ln 23.997 
3.221 C2An.2n 24.722 
3.553 C2An.3n 24.826 
4.134 C3n.ln 25.482 
4.432 C3n.2n 25.807 
4.694 C3n.3n 25.974 
5.046 C3n.4n 27.004 
5.946 C3An.ln 28.255 
6.376 C3An.2n 28.550 
6.901 C3Bn 29.373 
6.981 C3Br. ln 29.737 
7.187 C3Br.2n 30.452 
7.376 C4n.ln 33.050 
7.892 C4n.2n 34.669 
8.079 C4r. ln 35.368 
8.861 C4An 35.716 
9.149 C4Ar. ln 36.665 
9.491 C4Ar.2n 37.667 
9.735 C5n.ln 37.988 

10.834 C5n.2n 38.500 
10.989 C5r. ln 39.718 
11.434 C5r.2n 41.353 
12.000 C5An.ln 42.629 
12.333 C5An.2n 46.284 
12.649 C5Ar. ln 48.947 
12.764 C5Ar.2n 50.646 
13.094 C5AAn 50.913 
13.476 C5ABn 52.238 
14.059 C5ACn 52.641 
14.608 C5ADn 52.791 
14.890 C5Bn. ln 55.981 
15.162 C5Bn.2n 57.800 
16.318 C5Cn. ln 61.555 
16.515 C5Cn.2n 63.303 
16.755 C5Cn.3n 64.911 
17.650 C5Dn 66.601 
18.817 C5En 68.745 
20.162 C6n 71.722 
20.752 C6An.ln 72.147 
21.343 C6An.2n 73.517 
21.877 C6AAn 73.781 
22.263 C6AAr. ln 83.000 
22.505 C6AAr.2n 

22.760 

23.076 
23.537 
23.800 
24.115 

24.772 
25.171 
25.633 
25.934 

26.533 
27.946 

28.484 
28.716 

29.633 
30.071 
30.915 
33.543 

34.959 
35.554 

37.534 
37.915 
38.183 

39.639 
40.221 
41.617 
43.868 

47.861 
49.603 

50.812 
51.60• 

53.250 

58.1•T1 
61.951 

65.732 
68.625 

71.943 
73.g88 
73.b84 
78.781 

(118.0) 

C6Bn. ln 
C6Bn.2n 
C6Cn. ln 
C6Cn.2n 
C6Cn.3n 

C7n.ln 
C7n.2n 

C7An 
C8n.ln 
C8n.2n 

C9n 
C10n. ln 
C10n.2n 
Clln. ln 
Clln.2n 

C12n 
C13n 
C15n 

C16n. ln 
C16n.2n 
C17n. ln 
C17n.2n 
C17n.3n 
C18n. ln 
C18n.2n 

C19n 
C20n 
C21n 
C22n 

C23n.1n 
C23n.2n 
C24n. ln 
C24n.2n 
C24n.3n 

C25n 
C26n 
C27n 
C28n 
C29n 
C30n 
C31n 

C32n.1n 
C32n.2n 
C32r. ln 

C33n 
C34n 
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LA81, 36.6 Ma in BKFV85, 35.4 Ma in GTS89, and 33.7 Ma in 
this paper; the Paleocene/Eocene boundary: 54.9 Ma in LA81, 
57.8 Ma in BKFV85, 56.5 Ma in GTS89, and 55 Ma in this 
paper). 

For the broadly spaced polarity intervals in the Late 
Cretaceous (chrons C30n to C34n), differences are typically 
within ~1 m.y. among the most recent time scales (BKFV85, 
GTS89, and CK92), but this apparent stability may be more a 
reflection of the sparsity of new data than of well determined age 
calibration levels. 

TABLE 7. Cryptochrons From C1 to C13 and From C24 to C28 

Interval, Ma Ctyptochron 

0.493 - 0.504 Cln-1 
1.201 - 1.212 C lr.2r- In 
2.420 - 2.441 C2r.2r-1 
8.463 - 8.479 C4r.2r-1 

10.060 - 10.069 C5 n.2n- 1 
10.317 - 10.342 C5n.2n-2 
10.589 - 10.605 C5n.2n-3 
17.860 - 17.888 C5Dr-1 
24.469 - 24.480 C6r-1 
25.325 - 25.34 1 C7r- 1 
26.328 - 26.339 C8 n.2n- 1 
27.364 - 27.382 C9n-1 
27.591 - 27.609 C9n-2 
28.091 - 28.103 C9r-1 
28.995 - 29.008 C10r-1 
29.157 - 29.164 C10r-2 
30.251 - 30.265 Cllr-1 
31.201 - 31.219 C12r-1 
31.451 - 31.460 C12r-2 
31.825 - 31.844 C 12r-3 
32.000 - 32.009 C12r-4 
32.171 - 32.180 C12r-5 
32.432 - 32.451 C12r-6 
32.589 - 32.599 C12r-7 
32.761 - 32.771 C12r-8 
33.261 - 33.277 C13n-1 
33.677 - 33.694 C13r-1 
33.880 - 33.888 C13r-2 
34.174 - 34.191 C13r-3 
34.424 - 34.441 C13r-4 
53.462 - 53.471 C24r-1 
53.604 - 53.613 C24r-2 
53.821 - 53.830 C24r-3 
53.967 - 53.976 C24r-4 
54.170 - 54.180 C24r-5 
54.490 - 54.500 C24r-6 
54.739 - 54.749 C24r-7 
54.953 - 54.963 C24r-8 
55.071 - 55.081 C24r-9 
55.309 - 55.319 C24r-10 
55.611 - 55.622 C24r-ll 
56.827 - 56.845 C25r- 1 
57.002 - 57.020 C25r-2 
57.160 - 57.169 C25r-3 
57.426 - 57.435 C25r-4 
57.586 - 57.604 C25r-5 
58.756 - 58.777 C26r-1 
59.382 - 59.403 C26r-2 
59.612 - 59.622 C26r-3 
59.821 - 59.832 C26r-4 
60.261 - 60.282 C26r-5 
60.638 - 60.648 C26r-6 
60.931 - 60.941 C26r-7 
64.704 - 64.732 C28r-1 

EVALUATION: SEAFLOOR SPREADING RATES IN OTHER OCEANS 

The new time scale indicates a broadly varying rate of seafloor 
spreading in the South Atlantic (Figure 31, top). The Late 
Cretaceous was characterized by a rather sharp decrease from the 
highest (full) rate of almost 70 mm/yr at around anomalies 33 
and 34 time (Campanian) to the lowest rate of less than 30 
mrn/yr by around anomaly 27 time (early Paleocene). Over the 
Paleogene, spreading rates first increased to reach a high of 
about 55 mrn/yr at anomaly 15 (latest Eocene), then gradually 
decreased over the Oligocene and early Miocene. Spreading 
rates decrease more rapidly starting in the middle Miocene to the 
recent value of 32 mm/yr. This systematic pattern of spreading 
inferred for the South Atlantic, especially over the Cenozoic 
(anomaly 29 to ridge axis), is new and unique to the time scale 
derived here, all previous time scales showing a much less 
regular variation in spreading rate over the Cenozoic (Figure 
31). 

The assumption of a smooth spreading history for the South 
Ariantic in our method of construction, in conjunction with the 
calibration tiepoints chosen to convert distance into time, 
obviously contribute strongly to the regular character of 
spreading rate variations with our timescale. While this sea- 
floor spreading history for the South Atlantic seems reasonable, 
less circular assessments of the geomagnetic polarity time scale 
derived from the South Ariantic can be made by determining the 
implications of the new time scale to the spreading histories of 
other ridge systems. In particular, the assumption of smooth 
South Atlantic spreading can be tested by calculating spreading 
rates on various other ridges using the new time scale. We 
expect to find fewer fluctuations in spreading rate on the other 
ridges with the new time scale than with previous time scales, 
i.e., accelerations should be minimized within the constraints 
of the calibration data. This first order test also gives us the 
opportunity to examine whether there were globally 
synchronous variations in spreading rate, which was one of the 
motivating reasons for re-examining the time scale. 

In the section below, we compare spreading rate histories 
based on our new time scale to the recent time scales of BKFV85 

and GTS89 for several different ridge systems, including the 
East Pacific Rise at 20øS back to anomaly 5A, the Chile Ridge 
back to anomaly 5E, the Southeast Indian Ridge along 130øE 
back to anomaly 20, the Pacific-Antarctic Ridge south of the 
Menard Fracture Zone back to anomaly 15, the Central Ariantic 
north of the Kane Fracture Zone back to anomaly 34, and the 
North Pacific along 40øN back to anomaly 34. 

Method 

As in the South Atlantic, the key to examining spreading 
rates on other ridges is in the determination of an accurate 
synopsis of the magnetic anomaly pattern that takes into 
account localized occurrences of ridge jumps, propagating rifts 
and varying amounts of asymmetrical spreading. Therefore, 
whenever possible, we have developed spreading histories 
based on (1) an averaging of conjugate profiles or (2) the 
calculation of closely spaced finite rotation poles. In the two 
cases where we calculate finite rotation poles (the Southeast 
Indian Ridge and the East Pacific Rise), we have used published 
rotation poles at intervals of 5 to 10 m.y. and simply calculated 
finite rotation angles that best fit the anomalies in a narrow 
corridor. With this method we can account for spreading 
asymmetries without having to analyze an entire ridge system, 
which is beyond the scope of this project. 

Errors 

Errors in spreading rate are a function of both errors in the 
time scale and errors in the estimates of the widths of the 

anomalies. We assume that the errors in the time scale (i.e., in 
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Fig. 29. Expanded version of new geomagnetic polarity timescale showing detailed nomenclature of chrons and polarity 
events. Naming convention is modified from Harland et al. [1990], as explained in text. Tiny wiggles correspond to polarity 
events of less than 30 kyr duration and are shown by short horizontal lines to the right of the polarity column. 
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the width of the polarity intervals) are of the same magnitude as 
the errors in the widths of the anomalies in the South Atlantic 
(Table 4); these are typically about 7% but vary between 1% and 
17% depending on the anomaly. In Figure 31 (top) we show the 
effect of these errors, at the 95% confidence level, on the 
anomaly-by-anomaly estimate of spreading rates in the South 
Atlantic. The fact that the shape of the South Atlantic spreading 
rate profi!e is smooth is largely a function of the spline, 
whereas the particular shape of the curve is dependent on the 
particular set of calibration points used. 

The errors in spreading rate on other ridge systems can only 
be meaningfully estimated for those ridges where we have 
calculated finite rotation angles. In general, a finite rotation 
angle can be estimated with an accuracy of 0.05 ø to 0.1 ø 
depending on the quality of the reconstruction. This error 
translates into a wide range of absolute errors in spreading rates 
depending on the width of the anomaly interval and the 
spreading rate; for a fast spreading ridge the error is relatively 
small, for a slow spreading ridge the error can be quite large. 
For both the East Pacific Rise and the Southeast Indian Ridge we 
have calculated the error in spreading rate assuming an error of 
0.05 ø in the rotation angle. These error bars are displayed on 
Figures 33 and 36, respectively. For the East Pacific Rise the 
errors are roughly 4% for a 1 m.y. interval and 2% for a 2 m.y. 
interval, while for the Southeast Indian Ridge the error is more 
typically 8% for a 1 m.y. interval and 4% for a 2 m.y. interval. 

The total error in any given spreading rate is a combination of 
the error due to the estimate of the local anomaly widths and the 
error due to the global estimate of the polarity durations. If we 
assume the two errors are independent then we can estimate a 
total error by taking the square root of the sum of the squares. 
For the East Pacific Rise, the average error is roughly 8%, while 
for the Southeast Indian Ridge it is closer to 9%. 

0 i i i 410 i i i 810 0 20 60 

AGE (Me) 

Fig. 31. Half spreading rates in the South Atlantic based on the new 
time scale (top), compared to three other time scales, including 
HDHPL68 (bottom), as evaluated over roughly 2 Ma increments. The 
distances between anomalies are taken from the composite synthetic 
How line data shown in Figure 5. The smooth, broad variations in 
spreading rate based on CK92 are a result of applying a spline function 
to the set of nine calibration poMts. The light lines drawn above and 
below the CK92 profile represent the 95% confidence limits as 
discussed in the text. 

East Pacific Rise at 20•S 

A synthetic spreading flow line was constructed for the East 
Pacific Rise back to anomaly 5A based on magnetic anomaly 
data between 15øS and 25øS. The magnetic anomaly picks 
shown in Figure 32 were digitized and then finite rotation 
angles were calculated that would bring the conjugate picks back 
together. The finite rotation pole of Minster and Jordan [1978] 
for the Pacific-Nazca plate for anomaly 3 to present was assumed 
and only the angle of rotation was calculated. The resulting 
finite rotation parameters are given in Table 8. 

Using the finite rotation parameters for anomalies J to 5A, 
spreading rams were calculated based on the CK92, GTS89 and 
BKFV85 time scales as shown in Figure 33. This figure shows 
that, using GTS89 and BKFV85, there was an interval of faster 
spreading rate in the late Neogene of a similar magnitude and 
timing as these time scales predicted for the South Atlantic 
(Figure 31). With CK92 this interval of faster spreading is 
removed, and, if anything, there has been a gradual decrease in 
spreading rate since anomaly 5A. 
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Fig. 32. Location of magnetic anomaly picks on the East Pacific Risc that were used to constrain a set of finite rotation poles 
for the last 12 Ma. The resulting synthetic flowline spreading history is shown by the heavy line south of the Garrett Fracture 
Zone. 

TABLE 8. Finite Rotation Parameters: East Pacific Rise 

Latitude Longitude Angle Anomaly 

56.64 -87.88 18.5 5A 
56.64 -87.88 13.0 4A 
56.64 -87.88 8.40 3A 
56.64 -87.88 5.70 3 
56.64 -87.88 3.60 2A 
56.64 -87.88 2.48 2 
56.64 -87.88 1.32 J 

Chile Ridge 

Magnetic anomaly spacings for the Chile Ridge were 
constructed based on a long aeromagnetic profile collected in 
1990 that crossed both flanks of the ridge (see Figure 8 for 
location) [Tebbens et al., 1990]. The distances between 
anomalies on the two conjugate profiles were averaged to 
produce a composite profile of magnetic anomaly spacings from 
anomaly 5E to the ridge axis. 

Spreading rates for the Chile Ridge from anomaly 5E to the 
ridge axis were calculated for CK92, GTS89 and BKFV85 (Figure 
34). An interval of faster spreading between anomalies 5 and 
3A (3 in BKFV85) is observed based on all three time scales. 
However the magnitude of the increase is about one-half to one- 
third the amplitude using the CK92 time scale than using the 
other two time scales. 

Southeast Indian Ridge 

100 i J 3A 4A 5A , ' CK92. 
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• 5A 4A 
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? 2A 

6O 
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EPR 20øS 
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The Southeast Indian Ridge is characterized by large 
asymmetries in spreading rates. In order to calculate a 
representative magnetic anomaly pattern for this ridge we 

5 10 15 
AGE (Mo) 

Fig. 33. Half spreading rates on the East Pacific Risc based on three 
different time scales. Distances between anomalies were constrained by 
the synthetic flow line spreading history shown in Figure 32. Note 
that the interval of faster spreading between anomalies 4A and 3 based 
on BKFV85 and GTS89 is not observed based on CK92 (top). The light 
lines drawn above and below the CK92 curve are an estimate of the error 
limits as discussed in the text. 
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Fig. 34. Half spreading rates on the Chile Ridge based on three different 
time scales. The spacing between anomalies was constrained by the 
aeromagnetic profiles, and their extension, shown in Figure 9. Note 
that the amplitude of the pulse of faster spreading between anomalies 5 
and 3 based on BKFV85 and GTS89 is greatly reduced relative to CK92. 

analyzed shipboard magnetics data from just east of the 
Discordant Zone between 125øE and 135øE (Figure 35). As on 
the East Pacific Rise, we digitized the location of anomaly picks 
in a narrow corridor and calculated finite rotation angles for 
closely spaced intervals. The rotation poles of Weissel et al. 
[1977] were used to provide the latitude and longitude of the 
rotation poles; we simply calculated new angles of rotation to 
bring the conjugate anomaly picks back together. Based on 
these finite rotation parameters (Table 9), we synthesized a 
magnetic anomaly pattern along a synthetic flowline at 139øE. 

Spreading rates along the synthesized flow line were 
calculated based on the CK92, GTS89 and BKFV85 time scales 
(Figure 36). The pattern of spreading rate variations derived 
with the CK92 time scale is considerably simpler than with the 
other two time scales. We note that a single step-wise increase 
in rate of roughly 25% occurred in the late Neogene at anomaly 
3A time based on CK92. According to GTS89 there was a larger 
increase (roughly 35%) at anomaly 5, while BKFV85 displays 
an increase at anomaly 5 and 3A and an abrupt decrease at 
anomaly 3. Both GTS89 and BKFV85 cause the large swings in 
apparent spreading rate between anomalies 7 and 6A that were 
also seen in the South Atlantic. With the CK92 time scale these 

wide swings have been replaced by a much more gradual decrease 
in spreading rates between anomalies 7 and 6C. Between 
anomalies 7 and 12 the CK92 based spreading rates are also 
smoother. Prior to anomaly 12 time there were wide swings 
based on all three time scales. 

Pacific-Antarctic Ridge 

It is difficult to derive a reliable set of anomaly spacings for 
the Pacific-Antarctic Ridge. The biggest problem is the 
sparsity of data on the east flank of the ridge and the lack of 
ship tracks that followed along flow lines of spreading. We 
have selected an individual track, the Southtow cruise of the R V 
Washington, that followed a flowline on the west flank of the 
ridge south of the Menard Fracture Zone (Figure 37). This cruise 
crossed the ridge 6nly out as far as anomaly 3 on the east flank. 
We calculated anomaly spacings based on an average of the two 
flanks out to anomaly 3, and using just the west flank data 
between anomaly 3 and 15. 

Spreading rate variations based on the Southtow line were 
calculated for the three time scales and (Figure 38). The history 
of spreading in the late Neogene was similar to that on the 
Southeast Indian Ridge: based on CK92, the principal variation 
is an increase in spreading rate around anomaly 3A; based on 
GTS89, the principal change was around anomaly 5; based on 
BKFV85, the peak in spreading was between anomaly 3A and 3. 
The wide swings in spreading rate which apparently occurred 
between anomalies 5D and 12 illustrate the problem of trying to 
interpret spreading rate variations on a single profile from one 
flank of a ridge where it is difficult to distinguish variations that 
are caused by minor discontinuities in spreading on this 
particular flowline from those that are characteristic of the 
entire ridge system. 

Central Atlantic 

A profile collected on leg 93 of the RV Atlantis H crossed the 
Central Atlantic between the Kane and Atlantis fracture zones 

from anomaly 34 on the east flank to anomaly 34 on the west 
flank (Figure 39) following a flow line. We averaged the 
spacings between anomalies on the two ridge flanks in order to 
derive a reliable representation of the magnetic anomaly 
spacings. 

Spreading rams for the Central Atlantic (Figure 40) show large 
fluctuations between anomalies 4A and 3A with GTS89, between 
anomalies 6 and 8 and between anomalies 18 and 20 with both 

GTS89 and BKFV85. These large fluctuations are diminished 
using CK92 (Figure 40). The general pattern of a period of slow 
spreading in the latest Cretaceous followed by faster spreading 
in the Paleocene and into the early Eocene is observed based on 
all three time scales. 

North Pacific 

We represented the magnetic anomaly pattern in the North 
Pacific by constructing a composite profile near 40øN. This 
composite profile consisted of (1) two Surveyor-Seamap 
profiles across the Juan de Fuca Ridge and out to anomaly 5E 
(profiles IDOE16 and IDOE17 in Figure 14), (2) the averaged 
sections we used for constructing the detailed time scale 
spacings between anomalies 5E and 20, (3) a profile from 
Pioneer 7103 collected just north of the Murray Fracture Zone 
between anomalies 20 and 28 (profile P7103-2 in Figure 14), 
and 4) a profile from Pioneer 7103 from south of the Surveyor 
Fracture Zone between anomalies 28 and 34 (P7103-1 in Figure 
14). For times younger than anomaly 20, this composite line 
corresponds to spreading on the Pacific-Vancouver section of 
the ridge. We have to assume that spreading was symmetrical 
because only one half of the spreading system exists, except for 
the small conjugate part on the Juan de Fuca plate. 

Spreading rate variations in the North Pacific for the last 80 
Ma based on the CK92, as well as the BKFV85 and GTS89 time 
scales, are shown in Figure 41. It is apparent that with CK92 
there are actually larger swings in spreading rate than with 
BKFV85 and GTS89, particularly between anomalies 6C and 13, 
near anomalies 17 and 20, and between anomalies 32 and 33. 
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for the last 45 Ma. The finite rotation poles were used to determine a synthetic flow line spreading history just west of the 
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TABLE 9. Finite Rotation Parameters: Southeast Indian Ridge 

Latitude Longitude Angle Anomaly 

10.3 34.75 23.7 20 
10.3 34.75 23.3 19 
10.3 34.75 22.6 18 
10.7 34.6 22.0 17 
11.1 34.6 21.3 16 
11.3 34.5 20.85 15 
11.9 34.4 20.1 13 
12.5 34.4 18.6 12 
12.85 34.12 17.86 11 
13.83 33.52 16.3 9 
14.25 33.25 15.48 8 
14.167 33.501 14.80 7 
14.041 33.882 13.85 6C 
13.878 34.369 12.27 6A 
13.8 34.6 11.50 6 
13.617 34.686 11.07 .• 
13.373 34.801 10.56 5D 
13.005 34.973 9.81 5C 
12.580 35.172 9.06 5B 
11.241 35.793 7.37 5A 
9.7 36.5 6.07 5 
9.7 36.5 5.47 4A 
9.7 36.5 4.74 4 
9.7 36.5 3.83 3A 
9.7 36.5 2.63 3 
9.7 36.5 1.68 2A 
9.7 36.5 1.12 2 
9.7 36.5 .62 J 

Discussion 

We observe that for all of the ridge systems examined except 
the North Pacific (and perhaps the South Pacific for which the 
data base is poor), the spreading rate variations are considerably 
smoother using CK92 than using BKFV85 or GTS89. We see 
that the new time scale either eliminates or greatly reduces 1) 
the "pulse" of faster spreading observed between anomalies 5 
and 3 (or 3A depending on the time scale) in the South Atlantic, 
the EPR and on the Chile Ridge, (2) the sharp swings between 
anomalies 7 and 6 in the South Atlantic, the Southeast Indian 
Ridge and in the Central Atlantic, and (3) the large swings 
around anomaly 20 in the South Atlantic and in the Central 
Atlantic. We also note that between anomaly 6C and the ridge 
axis the Southeast Indian Ridge spreading rate was constant 
except for a step at anomaly 3A. These observations strongly 
support our initial assumption that seafloor spreading rates in 
the South Atlantic were smoothly varying without the sudden 
changes observed in the Pacific. This is a somewhat different 
picture of spreading in the South Atlantic than that presented by 
Aubry et al. [1988], who found distinct breaks in the South 
Atlantic pattern. We suggest that these breaks can be attributed 
to irregularities in the individual profiles used by Aubry et al. 
[1988]. 

It is clear that there were several large, rapid changes in 
apparent spreading rate in the North Pacific, in particular, the 
sharp drops at anomaly 20 time and at anomaly 6C time. We 
can thus identify the source of some of the "artifacts" that are 
present in the spacings in HDHPL68 and that have been handed 
down from time scale to time scale through to GTS89. Heirtzler 
et al. [1968] used the North Pacific to define the details of the 
reversal pattern and interpolated this pattern into the South 
Atlantic framework. In some parts of the time scale the 
interpolation points were quite far apart; e.g., between anomaly 
5 and 7 there was only a single interpolation point at anomaly 

6. Thus the sharp swings observed in all of the ridges except 
the North Pacific using HDHPL68 and derivative time scales like 
BKFV85 and GTS89 were the result of taking the North Pacific 
pattern and inserting the sharp drop at anomaly 6C into the 
South Atlantic pattern. The sharp swings around anomaly 20 
may be due to a similar effect. 

TECTONIC IMPLICATIONS 

The new time scale provides an opportunity to investigate 
changes in plate motion on a finer scale than previously 
possible. We have re-examined earlier observations of global 
changes in spreading rate based on HDHPL68 and its derivatives 
with our independently derived time scale. As is apparent from 
the discussion in the previous section, the previous time scales 
gave the misleading impression that there was a globally 
synchronous "pulse" of faster spreading in the late Neogene, 
starting around anomaly 5 time and ending around anomaly 3A 
or 3 time [e.g., Vogt, 1986]. With the new time scale we see a 
much simpler pattern of spreading rate changes. The Central 
and South Atlantic are generally seen to be slowly varying 
while, in contrast, more frequent abrupt changes occurred in the 
spreading rates of ridges in the Pacific and Indian Oceans. 
Although we do not see evidence for proposed global pulses in 
spreading rate, we can document major, regionally synchronous 
changes in plate motion. 

A clear example of a regional plate reorganization that is 
better understood with the new time scale is the circum-Pacific 

event that occurred in the late Neogene. Cox and Engebretson 
[1985] and Pollitz [1986] proposed that there was a change in 
the absolute motion of the Pacific plate at about 5 Ma, whereas 
Harbert and Cox [1989] proposed that it occurred at a younger 
time, at about 3.5 Ma. With previous time scales it was difficult 
to relate the changes in spreading rate on the various ridge 
systems with this change in absolute plate motion. We now see 
that there was an increase in spreading rate on the Pacific- 
Antarctic Ridge at around anomaly 3A time (Figure 42). The 
change in spreading rate on the Pacific-Antarctic Ridge 
corresponds to a dramatic change in the character of the geoid 
anomaly over the southernmost fracture zones on this ridge 
system as imaged in the Geosat altimeter data [Haxby et al., 
1992]. Simultaneously, we see a sharp increase in spreading 
rate on the Southeast Indian Ridge at anomaly 3A time (Figure 
42) which also corresponds to a time of a 20 ø clockwise rotation 
in spreading direction on the Southeast Indian Ridge [e.g., 
Munschy et al., 1992]. These spreading changes may correlate 
with the change in Pacific absolute plate motion, although, 
using the new time scale, we would suggest a slightly older age 
of 5.6 Ma. 

Other circum-Pacific events that occurred at nearly the same 
time (anomaly 3A) include the initial rifting of the Lau Basin 
which was dated at 5.6 Ma by drilling on ODP Leg 135 [Leg 135 
Scientific Party, 1992], the rifting of Baja California [Larson, 
1972], and a decrease in spreading rate on the Chile Ridge 
(Figure 34). 

A second example of a significant plate motion 
reorganization that can be viewed in a different perspective with 
the new time scale are the circum-Pacific events around Anomaly 
6C time, near the Oligocene/Miocene boundary. This time 
interval is associated with the breakup of the Farallon plate into 
the Nazca and Cocos plates [Hey, 1977; Lonsdale and Klitgord, 
1978]. The old time scales predicted a slowdown in North 
Pacific spreading rates and erratic swings in spreading rates on 
virtually all of the other ridge systems. With the new time 
scale, we see a precipitous drop in Pacific-Vancouver (North 
Pacific) spreading rates (Figure 42) that correlates in time with a 
large change in the position of the rotation pole [Wilson, 
1988] and a small, but distinct, drop in spreading rate on the 
Southeast Indian Ridge (Figure 42). This suggests that the 
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Southeast Indian Ridge system is again responding to a major 
change in Pacific plate motion. 

A major puzzle of Pacific tectonics is that while a large 
change in the absolute motion of the Pacific plate apparently 
occurred at 43 Ma as inferred from the bend in the Hawaiian- 

Emperor chain, which in BKFV85 corresponded to anomaly 19, 
there was no apparent change at that time in the Pacific-Farallon 
(Vancouver) relative motion; the major change in the direction 
of Pacific-Farallon spreading occurred around anomaly 24 time, 
which was dated at 55 Ma [e.g., Atwater, 1989]. With the new 
time scale, anomaly 24 has become about 2 m.y. younger, still 
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Fig. 38. Fluctuations in the half spreading rate on the Pacific-Antarctic 
ridge based on three different time scales. anomaly spacings are taken 
from the Southtow profile shown in Figure 37. Fluctuations in 
spreading rate relative to all three time scales shows difficulties of 
constraining spreading rate history based on a single profile. 

some 10 m.y. older than the bend. We do however see a large 
drop in Pacific-Vancouver spreading rate at 43 Ma (Anomaly 20) 
which also correlates with the time of increased spreading rates 
on the Southeast Indian Ridge [Cande and Mutter, 1982]. 
Although it is tempting to correlate these changes in spreading 
rate to the bend in the Hawaiian-Emperor chain, it has to be 
emphasized that the spreading rate history of the North Pacific 
is based on a single composite profile, and that the conjugate, 
Farallon plate side of the spreading history is long gone. 

The North Pacific can now be viewed as a system with large 
swings in spreading rate relative to the smooth spreading rate 
history of the South Atlantic. This irregular spreading rate 
history (at least as recorded on our single composite profile) 
may reflect the changing configuration of subdueting slabs 
around much of the perimeter of the plate. The irregularities in 
Pacific-Vancouver spreading rates appear to increase as the 
Vancouver plate diminishes in size, again apparently reflecting 
the effect of the varying subdueting slab. One unexplained 
aspect is that the Pacific-Vancouver spreading rate changed so 
drastically at anomaly 6C time, when the primary Pacific basin 
event is supposedly the breakup of the Farallon plate. It is 
surprising that there is so much linkage of events on the 
Farallon plate to events on the Pacific-Vancouver ridge system 
and even, apparenfiy, on the Southeast Indian Ridge. 

The Late Cretaceous remains a time of poorly constrained 
spreading rates. With our calibration points it is clear that there 
must be a sharp drop in spreading rates in the South Ariantic in 
the late Cretaceous. However, because of the sharpness of the 
drop, and the relative sparsity of calibration points, the actual 
timing of the drop is not well constrained. It may have occurred 
gradually between anomalies 33 and 30, as we propose here, or 
it may have occurred more abruptly at around anomaly 29, near 
the Cretaceous/Paleogene boundary. This is a critical time 
interval to resolve with more numerous and precise age 
calibration data because of the large changes in spreading rate 
that must have occurred in the Indian Ocean [e.g., Schlich, 
1975; Patfiat, 1983]. 

SUMMARY AND CONCLUSIONS 

We have constructed a new geomagnetic polarity time scale 
for the late Cretaceous and Cenozoic based on an analysis of 
magnetic profiles from the world's major oceanic ridge systems. 
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Fig. 41. Half spreading rates in the North Pacific relative to three time 
scales. Distances between anomalies were constrained from a 

composite profile. Note the larger fluctuations in spreading rate 
relative to CK92, particularly around anomaly 6C, between anomalies 
10 and 7, and between anomalies 20 and 17. 

This project was initiated because of our suspicion that there 
were errors in the relative widths of the polarity intervals in 
HDHPL68 and that these errors resulted in misinterpretations of 
tectonic events. In addition, we felt that there was now a 
sufficient increase in the amount of magnetic profile data to 
justify a reappraisal of the complete magnetic anomaly 
sequence. 

There are several significant changes in the spacings and ages 
of the polarity intervals. For example, the derived age of 
anomaly 5 is about 0.5 m.y. older than in most other time 
scales but is now in agreement with the results of the most 
recent radioisotopic ages of basaltic flows on Iceland. The 
effect of this change is that the global "pulse" of faster 
spreading that appeared to have occurred between anomalies 5 
and 3 has been eliminated. In addition, the relative spacings of 
reversals between anomalies 5 and 3 have been changed. As a 
result, a late Neogene plate motion change on the Southeast 
Indian Ridge is now seen to be temporally related to a spreading 
rate change on the Pacific-Antarctic Ridge and also with other 
tectonic events that occured around anomaly 3A time throughout 
the Pacific. 

Other significant changes to the reversal sequence were made 
between anomalies 7 and 6. Erratic swings in spreading rate 
that had been previously interpreted in most oceans, except the 
North Pacific, have been replaced with much smoother changes, 
or no change, while the North Pacific now shows a precipitous 
drop in spreading rate at anomaly 6C time. 

The age of reversals between anomalies 7 and 24 are 2-3 m.y. 
younger than in most previous time scales, reflecting the 
revised ages of calibration points in the Paleocene-Oligocene. 
The effect of these changes is that spreading rates in several 
oceans appear to have a large but gradual increase starting in the 
mid-Eocene and culminating in the early Oligocene. 

The largest uncertainties in our new time scale are probably 
for the anomaly spacings in the Late Cretaceous and early 
Cenozoic. This corresponds to the time interval of the most 
rapid change in spreading rate (and rapid migration of the 
rotation poles) in the South Atlantic and, consequently, a time 
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Fig. 42. Half spreading rates in the late Paleogene and Neogene on several different ridges. Note the synchronous 
fluctuations on the Southeast Indian, Pacific-Antarctic (South Pacific) and Chile ridges at 5.6 Ma. 

when there is the most potential for error in defining the South 
Atlantic spreading pattern and its age calibration. 

One interesting implication of our study is that spreading 
rates in the North Pacific now appear to have been quite 
variable, starting in the mid-Eocene and continuing through the 
Oligocene. We speculate that as the Farallon and Vancouver 
plates became smaller, their motion was more and more effected 
by small variations in the configuration of the subducting slabs 
around their eastern perimeters. Spreading in the South 
Atlantic, where there is little interaction with subduction zones, 
is probably driven primarily by more gradually evolving ridge 
push. This interocean variation in driving mechanisms justifies 
our dependence on anomaly spacings in the South Atlantic, as 
opposed to plates in the Pacific, to construct the new time scale. 

We have also identified the source of some of the errors that 

are apparent in HDHPL68 and its descendents. HDHPL68 was a 
blend of two profiles: the Verna 20 profile from the South 
Atlantic and a profile from the North Pacific. The data from the 
North Pacific were inserted into the South Atlantic spacings at 
variable and often quite large intervals. The erratic swings in 
spreading rate between anomalies 7 and 6, for example, can now 
be attributed to the use of the spacings exclusively from the 
North Pacific over this long time interval in earlier time scales. 

Finally, we have identified many additional anomalies that 

may represent reversals of the global geomagnetic field, for 
example, between anomalies 3A and 4A. Most importantly, we 
observe an essentially continuous pattern of small scale 
anomalies between anomalies 24 and 27 that appear to be an 
"Earth-filtered" record of short period (2 to 20 kyr) intensity 
variations of the dipole field. We believe that this type of 
dipole field behavior, previously recognized within anomaly 5 
and between anomalies 12 and 13, may have characterized the 
geomagnetic dynamo throughout the Cenozoic. The present 
results provide motivation for a continued study of small scale 
anomalies on high-resolution marine magnetic profiles. 

Further refinement of the geomagnetic time scale in general 
and its tectonic and geomagnetic consequences await more 
detailed analyses of magnetic anomaly patterns along flow lines 
on the ocean ridges, and more precise and closely spaced age 
calibration points. 

APPENDIX: NOMENCLATURE 

The polarity chron nomenclature we use is similar to that of 
Tauxe et al. [1983] and Harland et al. [1990], with some 
modifications. Like Hariand et al. [1990], we refer to the 
longest intervals of predominantly one polarity by the 
corresponding anomaly number followed by the suffix n for 
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normal polarity, or r for the preceding reversed polarity 
interval. When these chrons are subdivided into shorter 

polarity intervals, we refer to them as subchrons and identify 
them by appending, from youngest to oldest, a 0.1, 0.2, etc., to 
the primaxy chron name, and adding an n for a normal polarity 
interval, or an r for a reversed interval. For example, the three 
normal polarity intervals composing anomaly 6C (chron C6Cn) 
are called subchrons C6Cn. ln, C6Cn.2n, and C6Cn.3n, whereas 
Harland et al. [1990] refer to them as chrons C6C.ln, C6C.2n, 
and C6C.3n. Similarly we refer to the reversed interval 
preceding (older than) subchron C6Cn. ln as subchron C6Cn. lr, 
whereas Harland et al. [1990] call this interval chron C6C.lr. 

We use this form of nomenclature so that we can name every 
chron and subchron without resorting to odd constructions. For 
example, there are polarity subdivisions of both chrons C4n 
and C4r, which we designate as Subchrons C4n. ln, C4n.2n, 
C4r. lr and C4r.2r (Figure 29), and which Harland et al. [1990] 
would designate C4.1n, C4.2n, C4.1r, and C4.2r, respectively. 
With the Harland et al. [1990] nomenclature, the reversed 
intervals preceding C4.1n and C4.2n cannot be named C4.1r 
and C4.2r without confusing them with the subchrons within 
chron C4.1r, thus forcing the use of the awkward designation 
C4.1nr and C4.2nr; with our nomenclature, we refer to these 
intervals as C4n. lr and C4n.2r. 

For more precise correlation, the fractional position within a 
chron or subchron is referred to by the equivalent decimal 
number appended, within parentheses, to the chron or subchron 
name, following the approach of LaBrecque et al. [1983]. As 
examples, the younger end of chron C29n is C29n(0.0) or 
C29(0.0) (= C29n(y) in Harland et al. [1990]), the older end of 
chron C29n (= C29n(o) in Harland et al. [1990]) is 
conveniently designated as C29r(0.0) since it is equivalent to 
the younger end of Chron C29r, whereas a level within chron 
C29r and 3/10 from its younger end is referred to as C29r(0.3). 

We use the designation-1,-2, etc., following the primary 
chron or the subchron designation to denote apparently very 
short polarity intervals corresponding to the tiny wiggles 
which, upon calibration, convert to durations of less than 30 
kyr. In view of their uncertain origin, we refer to these globally 
mapped geomagnetic features as cryptochrons. Thus the tiny 
wiggles between anomalies 12 and 13 (within chron C12r) are 
called from youngest to oldest cryptochrons C12r-1, C12r-2, 
etc. This differs from Harland et al. [1990] who used a duration 
of 100 kyr or less to distinguish the class of shortest polarity 
intervals, a cut-off value which often fragments the chron 
heirarchy in a manner inconsistent with the magnetic anomaly 
identifications. For example, the four positive anomalies 
composing anomaly 3 (which correspond to the Cochiti, 
Nunivak, S idufjall, and Thvera subchrons of the Late Cenozoic 
K-At geomagnetic reversal time scale [Mankinen and 
Dalrymple, 1979]), are designated by Harland et al. [1990], 
from youngest to oldest, as C3.1n, C3.2n, C3.2r-ln and C3.3n, 
while we refer to them as C3n. ln, C3n.2n, C3n.3n and C3n.4n, 
respectively. 

We believe that the 30 kyr cut-off is more realistic in 
separating the anomalies that are well characterized and most 
probably reflect true geomagnetic polarity reversals from the 
smaller scale anomalies (i.e., tiny wiggles) that are generally 
less uniformly well documented and whose origin may be due to 
paleointensity variations or incomplete reversals of the 
geomagnetic field. A cryptochron can be elevated to the status 
of a subchron if it is demonstrated that the tiny wiggle 
corresponds to a pair of geomagnetic polarity reversals, as 
appears to be the case for the Cobb Mountain subchron at about 
1.1 Ma [Mankinen et al., 1978; Mankinen and Gromme, 1982; 
Clement and Kent, 1987]. In such cases we also add a polarity 
suffix to the name, hence the Cobb Mountain subchron is 
designated Clr.2r-ln. 
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