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reflection does not vary significantly along-axis9, so we use a waveform
inversion method that assumes that the layers are horizontally stratified. The
inversion scheme is implemented in intercept time-slowness domain23. This
transformation also allows a clear representation of the AMC and converted
arrival (PmeltS) to be seen (Fig. 3) without interference of slow-phase-velocity
events such as the sea-floor reflection. The waveform inversion method
determines the P- and S-wave velocities of the crust by improving the fit
between observed data and synthetically calculated data. It is an automated
method, and therefore reduces human bias and also provides error estimates on
the final solution6,23. The large-scale initial P-wave velocity was taken from
Tolstoy et al.9. The initial S-wave velocity was obtained from the P-wave velocity
assuming a Poisson’s ratio of 0.26 (ref. 24). We used a P-wave attenuation
coefficient of 16 for the first 200 m, and 40–90 for the crust below24. The S-wave
attenuation coefficient was half of the P-wave attenuation coefficient. The
model consists of a stack of 8-m-thick layers, for which the P-wave and S-wave
velocities, density and attenuation are defined. This sampling interval was
based on the minimum thickness that can be resolved from the observed data,
which has a frequency bandwidth of 5–30 Hz. As data from all the slownesses
were inverted simultaneously, the inverted results contain a model which is
consistent with the data from all slownesses, and is therefore less likely to be
influenced by incoherent noise due to two- and three-dimensional effects.

The turning rays above the sill and the P-wave reflection arrivals from the
AMC constrain the P-wave and S-wave velocities above the AMC. Further
constraint on S-wave velocity structure above the AMC comes from the arrival
time of the PmeltS phase. For this phase, the P-to-S conversion occurs at the
solid–fluid interface of the AMC and at the sea bed such that the wave travels
one leg between the sea bed and AMC as a P-wave, and the other as an S-wave.
The waveforms of the AMC reflection and the PmeltS phase constrain P-wave
and S-wave velocities within the AMC and its neighbourhood. However, as
with all seismic techniques, we have to guard against non-uniqueness of the
final solution. To gain confidence in our results, we altered individual features
within various candidate models while keeping the rest of the model fixed, and
re-ran the inversion; the models that gave the best fit with the data are presented
here.
Stacking. To enhance the partial-stack images, we firstly applied a frequency-
wavenumber filter to the CMP gathers to remove sea-floor contamination of
the AMC events, then performed a normal-moveout correction of 2.10 and
1.85 km s−1 for the P-wave and S-wave image, respectively. The partial stacks
were obtained by stacking data between 2 and 3 km offsets, and all other
processing parameters were as for the ,0–3 km offset stack. We note that the
effect of two-dimensional scattering and multiple conversion points for PmeltS
will tend to provide a minimum estimate of the lateral extent of the pure melt
zone. The absence of PmeltS stack energy in the melt region could be due to the
fact that the PmeltS phase has two ray paths with slightly different points of
conversion at the AMC that might affect the PmeltS stack. Alternatively, the
results could be confused by navigational error: that is, the ship track slipping
off the axis in this region (Fig. 1).
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In contrast to our detailed knowledge of the directional behaviour
of the Earth’s magnetic field during geological and historical
times1,2, data constraining the past intensity of the field remain
relatively scarce. This is mainly due to the difficulty in obtaining
reliable palaeointensity measurements, a problem that is intrinsic
to the geological materials which record the Earth’s magnetic
field. Although the palaeointensity database has grown modestly
over recent years3–5, these data are restricted to a few geographical
locations and more than one-third of the data record the field over
only the past 5 Myr—the most recent database5 covering the time
interval from 5 to 160 Myr contains only about 100 palaeointen-
sity measurements. Here we present 21 new data points from the
interval 5–160 Myr obtained from submarine basalt glasses col-
lected from locations throughout the world’s oceans. Whereas
previous estimates for the average dipole moment were compar-
able to that of the Earth’s present field6, the new data suggest an
average dipole moment of ð4:2 6 2:3Þ 3 1022 A m2, or approxi-
mately half the present magnetic-field intensity. This lower
average value should provide an important constraint for future
efforts to model the convective processes in the Earth’s core which
have been responsible for generating the magnetic field.

To augment the palaeointensity database, we focused on sub-
marine basaltic glass (SBG) obtained from 20 sites sampled by the
Deep Sea Drilling Project (DSDP). In addition to the DSDP glasses,
we also include results from SBG obtained from pillow lavas in the
Troodos ophiolite on Cyprus. SBG has been shown to contain
predominantly single-domain magnetite as the carrier of the rema-
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nent magnetization7,8, based on a detailed rock-magnetic analysis.
These studies also indicate that remanence-carrying grains alter
little during heating in the laboratory. Analysis of SBG obtained
from a recent lava flow recovered the geomagnetic field at the site9.
These factors suggest that SBG is a nearly ideal material for
palaeointensity studies.

The results presented here are from locations in both hemi-
spheres, and are distributed throughout the world’s oceans (Table 1).
As the DSDP results were obtained from sites with identified marine
magnetic anomalies, their ages are reasonably well constrained
(Table 1). Moreover, tectonic-plate reconstructions allow adequate
palaeolatitudes to be estimated and we therefore can calculate
virtual axial dipole moments (VADMs) for samples spanning the
past 160 Myr.

Our experimental design is based on the modified stepwise
double heating method described in refs 10 and 11. Briefly, after
measurement of the natural remanent magnetization (NRM),
specimens are heated to a given temperature. They are then
either cooled in zero field (to assess the decay of the NRM) or
in an applied field (to assess the acquisition of partial-thermal
remanent magnetization, p-TRM). After treatment at a given
temperature step, an in-field step at a lower temperature can be
repeated (a p-TRM check) to determine if the capacity to acquire
thermal remanent magnetism (TRM) has remained constant or has
changed because of chemical alteration of the samples at elevated
temperatures.

As illustrated in Fig. 1, the behaviour of this new SBG sample
collection is quite similar to that of SBG results described earlier7–9,
regardless of age or geographical location. Although DSDP glass
samples are typically unorientated, we calculate the direction of the
characteristic component and associated maximum angle of
deviation12 from the zero-field steps as a check on the validity of
the palaeointensity results.

Maximum blocking temperatures of the NRM for most of the
samples are generally between 475 and 550 8C, in agreement with
previous results obtained for Cretaceous and Holocene SBG7,8.
Regardless of the origin of remanence (whether a TRM or an early

chemical remanence), the fact that SBG recovered from recent lava
flows has similar rock magnetic characteristics and recovers the
Earth’s field accurately9 lends support to our contention that SBG is
a reliable recording medium of the Earth’s palaeofield.

The wealth of data provided by the modified Thellier–Thellier
technique as practised here allows ample information for objec-
tive data selection. Our criteria are as follows. (1) The component
of magnetization used to determine palaeointensity must trend to
the origin (within the maximum angle of deviation and the
maximum angle of deviation must itself be ,158. (2) A best-fit
line through the NRM/p-TRM data (see, for example, Fig. 1c and
d) must have low scatter based on standard error of the slope (see,
for example, ref. 11). (3) The p-TRM checks (triangles in Fig. 1c
and d) must agree with the original p-TRM within 5%. (4) Data
from multiple specimens of the same glassy margin must agree
within 10%. These were then averaged to give a single palaeo-
intensity estimate.

Data from specimens meeting the above criteria were deemed
acceptable for palaeointensity calculations. Complete information
concerning specimens used here is available: see Supplementary
Information. Averages by hole are listed in Table 1.

The palaeointensity values from a single location are relatively
uniform with the exception of those from Hole 238 (see Table 1)
where two populations of intensity data can be statistically distin-
guished; the upper cores show higher values and are more scattered
than the lower cores (Table 1). We have therefore split these data
into two groups (upper and lower), and treat them as independent
estimates of the geomagnetic field.

The absolute value of the slope of the best-fit line through
the NRM/p-TRM data (see, for example, Fig. 1c and d) multiplied
by the value of the magnetic field in the laboratory gives the
absolute palaeofield (B) of the specimen in microteslas. These can
be converted to VADMs, given the palaeolatitudes which were
estimated using appropriate palaeomagnetic data13–15 or plate
reconstructions16–18.

In Fig. 2 we plot VADM values for all samples of SBG available,
including those previously published7,9,19. The VADM values for the

Table 1 Locations, ages, remanence and palaeointensity data for samples plotted in Fig. 2.

Hole* Plate† MMA‡ Age (Myr)§ l/fk l9¶ B (s/n)# VADM✩ Mn/Meq**
...................................................................................................................................................................................................................................................................................................................................................................

504B NZ 3A 6:4 6 0:2 1/−84 1 30:3 6 5:1 (3/3) 7:8 6 1:3 6.6/6.6
395A AF 4n 8 6 1 23/−46 23 12:7 6 8:2 (17/11) 2:6 6 1:8 3.4/2.8
410/410A NA 5n 10:3 6 0:7 46/−30 45 10:8 6 0:3 (4/3) 1:8 6 0:1 3.2/2.0
396B AF 5n 11:5 6 0:5 23/−44 23 9:2 6 2:2 (7/5) 2:0 6 0:5 1.8/1.5
335 NA 5A-5B 13:8 6 1:3 37/−35 37 16:2 6 6:4 (10/9) 2:9 6 1:1 3.7/2.6
520 AF 5Br 14:9 6 0:2 −26/−11 −26 29.0 (2/1) 5.9 7.8/6.2
470A NA 5B 15:7 6 0:7 29/−118 24 31:7 6 7:6 (3/3) 6:6 6 1:6 5.3/4.3
562 NA 5Dr 17:9 6 0:4 33/−42 32 13:6 6 3:4 (9/9) 2:6 6 0:6 3.3/2.4
495 CO 6 22 6 2 12.5/−91 2 17:3 6 2:1 (6/4) 4:4 6 0:5 0.8/0.8
556 NA 12 32 6 1:1 39/−35 36 15:8 6 4:9 (5/4) 2:9 6 0:9 3.3/2.3
559 NA 12r 32 6 1:1 35/−41 32 9:5 6 0:7 (3/2) 1:8 6 0:1 0.5/0.4
563/564 NA 13 33:3 6 0:3 34/−44 31 16:3 6 3:2 (13/9) 3:1 6 0:6 3.2/2.4
238 (upper) IN 11 2 13 34 6 4 −11/71 −24 33:0 6 9:6 (5/3) 6:9 6 2:0 1.7/1.4
238 (lower) IN 11 2 13 34 6 4 −11/71 −24 9:4 6 0:5 (7/5) 2:0 6 0:1
407 NA 15r 35:2 6 0:3 64/−31 60 27:9 6 3:6 (5/4) 4:0 6 0:5 5.0/2.8
522B AF 16 35:7 6 1:3 −27/−5 −30 19:6 6 3:2 (6/4) 3:8 6 0:6 5.0/3.8
447A PH 18 2 21 43:5 6 5:5 18/133 10 33:5 6 0:7 (2/2) 8:3 6 0:2 3.6/3.4
525A AF 32n 72 6 1 −29/3 −38 51:3 6 3:9 (10/5) 9:0 6 0:7 14.0/9.6
543A†† NA 34(y) 84 16/−60 −21 17:9 6 2:2 (12/11) 2:0 6 0:6 7.4/7.1
TR AF CNS 92 35/33 20 36:0 6 6:9 (6/5) 7:9 6 1:5 7.9/6.8
462A NU CNS 111 6 1k 7/165 −7 14:8 6 0:4 (3/2) 3:7 6 0:1 9.2/9.0
807C†† PA CNS 122:3 6 1 4/157 −34 19:4 6 7:4 (30/18) 3:6 6 1:4 5.9/4.2
417D†† NA M0 125 6 1 25/−68 17 12:0 6 3 (12/11) 2:8 6 0:7 9.2/8.2
418A†† NA M0 125 6 1 25/−68 17 15:5 6 9 (12/11) 3:5 6 1:9 13.6/12.1
534A NA M28 156:5 6 0:1 28/−75 9 12.0 (1/1) 3.0 3.6/3.5
...................................................................................................................................................................................................................................................................................................................................................................
* DSDP/ODP hole, TR is Troodos ophiolite.
† Tectonic plate: AF, African; CO, Cocos; IN, Indian; NA, North American; NZ, Nazca; PH, Philippine; NU, Nauru.
‡ Marine magnetic anomaly (MMA) measured above site, CNS is the Cretaceous normal superchron.
§ Refs 33–36.
kLatitude (l), and longitude (f) of site in degrees.
¶ Estimated palaeolatitude in degrees (l9, see text).
# Field intensity in mT (number of samples measured/number of samples used).
✩ Virtual axial dipole moment (1022 Am2).
** NRM intensity and equatorial equivalent, in A m−1. For sources, see Supplementary Information.
†† Data published earlier9 and included for completeness.
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pre-5-Myr data (Table 1) range from a minimum of 1:8 3 1022 A m2

for Sites 410 and 559 (10 and 32 Myr, respectively) to a maximum of
9:0 3 1022 A m2 for Site 525A (72 Myr). The average dipole moment
calculated from these new data is ð4:2 6 2Þ 3 1022 A m2, approxi-
mately half that of the present-day field. Furthermore, the highest
values come from Late Cretaceous times (Hole 525A, and the
Troodos ophiolite), a period with an anomalously low rate of
reversals.

For comparison, we plot the palaeointensity database5 as open
circles in Fig. 2. Our only selection criteria for these data was that
they be treated by a ‘‘Thellier’’ type of experiment, that they be
‘‘non-transitional’’ and that they have more than one specimen per
site. There are 164 data points meeting these minimal criteria with
ages between 0 and 160 Myr. In general, there is a fair degree of
correspondence between the database and our new data set,
although we find no high values in the time period around
15 Myr. Most of these high values come from the Steens Mountain

study20, a study with good temporal resolution. A single DSDP/
ODP hole cannot hope to achieve the temporal resolution of such
a stratigraphic profile, sampling instead at discrete intervals. It is
therefore likely that the high values of the field evident in the
Steens Mountain collection20 were missed in our sample
collection.

The remanent magnetization of the oceanic crust appears to
undergo systematic variations over time21. We have compiled
remanence values, Meq (adjusted for the effects of palaeolatitude
to equivalent equatorial values), for the dredge collections used in
ref. 7, the Troodos pillow lavas, and DSDP basalts (Fig. 2). Data
from DSDP/ODP holes were dated and adjusted for palaeolatitude
in the same way as the palaeointensity data discussed above. The
data that come from the same holes as our palaeointensity data are
listed in Table 1. The complete data set is available: see Supplemen-
tary Information.

As illustrated in Fig. 2, ridge-crest basalts range in Meq values
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from less than 1 A m−1 to over 25 A m−1 at the ridge crest. With age,
these values decrease rapidly to an average of several A m−1. Values
around 3 A m−1 are typical of DSDP basalts throughout the Neogene
period. In the Late Cretaceous, high values of ,10 A m−1 are
encountered, corresponding to the Cretaceous normal superchron
(CNS) and a few million years after the end of the CNS. The period
of time corresponding to the M-sequence anomalies (124–160 Myr)
is characterized by low values of Meq (and also by the ‘‘Mesozoic
dipole low’’22).

The general shape of the Meq curve was first described by Bleil
and Petersen21. The natural remanance of oceanic crustal rocks is
controlled by a number of factors. Thermal remanence is con-
trolled to first order by the intensity of the magnetic field and the
amount and rock-magnetic characteristics of the magnetizable
material in the rock. Even the youngest sea-floor basalts have
apparently experienced some degree of alteration23,24, and the
exact behaviour of remanence during alteration is a complicated
matter25. Thus, the long-term behaviour of the Meq curve shown
in Fig. 2 could result from (1) changes in palaeofield intensity, (2)
changes in bulk chemistry (for example, Fe content), and/or (3)
alteration history. Bleil and Petersen21 argued that the behaviour
of remanent intensities was primarily the result of gradual
alteration of magnetic minerals of the oceanic crust by a mechan-
ism of cation diffusion. Raymond and LaBrecque26 proposed a
quantitative alteration model in which a chemical remanent
magnetization (CRM) is acquired as the original TRM is lost
through low-temperature oxidation. According to their model,
CRM acquired over the past 20 Myr could account for 80% of the
variation in Meq. Johnson and Pariso27 argued that the cause of the
observed variation of NRM in oceanic basalts was controlled
primarily by differences in the original content of FeTi oxides in
these older rocks. Thus, it would appear that the control of the
long-term variation of the NRM of the ocean crust is still a matter
of debate.

Although more difficult to demonstrate, some studies have
suggested that a record of past geomagnetic intensity variations
might be preserved in the magnetization of the ocean crust28–30.
Several earlier investigations discounted the hypothesis that the
intensity of the Earth’s magnetic field played a significant role in the
variations of the NRM on the basis of the lack of evidence for similar
variations in the palaeointensity databases of the time. However, the
new data set shown in Fig. 2 provides support for the view that the
long-term variations in NRM of sea-floor basalts may, in large part,
be a function of palaeofield intensity.

A last point that needs to be discussed concerns the effect that
alteration of the magnetic minerals could have on the palaeointen-
sity determinations. It is not yet completely clear whether our SBGs
have undergone alteration that may have influenced their ability to
record past geomagnetic intensity fluctuations. We deliberately
select samples that have a ‘fresh’ appearance, excluding devitrified
or evidently altered material. Although differentiating between
TRM and CRM is still extremely difficult, the similarity in beha-
viour throughout our data set argues against gradual alteration.
Because the youngest samples of SBG were collected within one year
of eruption9, any alteration that took place occurred within the first
year, and produced a remanence that was indistingusihable from the
original TRM.

Three conclusions can be drawn from our study. (1) Our data
suggest that the average palaeofield intensity for the period 0–
160 Myr is 4 6 2 (1022 A m2). These values are similar to the
‘‘Mesozoic dipole low’’ of Prévot et al.22, suggesting that the
Mesozoic field was not ‘‘low’’ but of average intensity. As has been
previously suggested on the basis of analysis of marine magnetic
anomalies29, it appears that the present field may be anomalously
high with respect to the long-term average dipole intensity. (2) In
the collection of palaeointensity data from SBG, high palaeofield
values are obtained for the most recent field7 (the past 3 kyr) and for

the Late Cretaceous (Table 1). The Late Cretaceous is characterized
by a much lower rate of reversals than during the M-sequence or the
Cenozoic era. The correspondence of higher field values with lower
reversal rate is consistent with the data set of Tauxe and Hartl31, who
presented a correlation of relative palaeointensity data with polarity
interval length. (3) To first order, the long-term trend in palaeoin-
tensity data from submarine basaltic glass parallels the trends in
remanence behaviour from DSDP basalts. This suggests that the
remanence behaviour is controlled, at least in part, by geomagnetic
field intensity variations. M
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