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The X-ray flux of the bright galactic bulge source GX5-1 shows intensity-dependent quasi-periodic oscillations between
~20 and ~40 Hz, appearing as a broad peak in the power spectrum whose centroid frequency, width and integrated excess
power strongly depend on the source intensity. The strength and steepness of low-frequency noise present in the power
spectra below 15 Hz also depend on the source intensity. No evidence is found for coherent X-ray pulsations between 0.5
and 2,000 Hz. We discuss possible mechanisms to explain these new phenomena.

NEUTRON stars in low-mass X-ray binaries have long been
suspected to have been spun up to periods in the millisecond
range. Several searches for such short rotation periods in low-
mass X-ray binaries have been made but none has been success-
ful (refs 1-4 and J. Fleischman, S. Rappaport, D. Strahss and
W. Lewin, personal communication). We have renewed the
search using the medium energy detectors of the X-ray observa-
tory Exosat. One of the first sources we observed was the bright
bulge source GX5-1, in which we found no periodic pulsations
but, unexpectedly, we discovered quasi-periodic oscillations.
These oscillations are the subject of this report; some pre-
liminary results have already been reported®.

QObservations

We observed GX5-1 (4U 1758 —25) with the medium-energy
detector® (ME) and the gas scintillation proportional counter’
on Exosat. The observations started on 18 September 1984 11:50
UT and lasted for ~8 h. We shall discuss 1-18-keV data obtained
with the Ar/CO,-filled proportional counters of the medium-
energy detector; the counters were co-aligned with a total effec-
tive area of 1,500 cm®. The data were obtained in 2-s blocks,
each containing 8,192 samples (time resolution ~0.25 ms).
Within each of the 1,623 blocks, the data are continuous with
a negligible ‘dead time’ of ~1% and between two consecutive
data blocks there is a gap of 15s. The data contain no spectral
information.

Figure 1 shows the counting rate as a function of time. The
data include an approximately constant background of
~80 c.p.s. The sharp drop near r = 17,000 s is caused by a change
(‘trim’) in the satellite pointing direction. The reason for this
trim was the high counting rate, at which detector damage was
feared. Before the trim, the collimator efficiency was 93%,
whereas afterwards it was 65%.

For the average spectral shape, as measured with the gas
scintillation proportional counter, 1 ¢.p.s. from the ME (pre-trim
collimator efficiency) corresponds to ~9.2 107'2 erg cm™2 57!
(1-18 keV), or ~0.3 pJy (2-11 keV). The source flux (~700-
~1,100 pJy) and its variability on a timescale of hours are
similar to those encountered previously®'2. All count rates
described here have been reduced to the pre-trim collimator
efficiency.

Analysis and results

To investigate the variability of GX5-1 on timescales between
0.5 ms and 2 5, we estimated the power spectrum by calculating
(via a fast Fourier transform (FFT) algorithm) the Fourier
amplitudes of the average-subtracted signal in each 2-s block
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Fig. 1 Average counting rates in 2-s time intervals. Zero time

corresponds to 18 September 1984, 11:53:35 uT. The sharp drop

near ~17,000s is the result of a change in the pointing direction
of the satellite (see text).

separately. The power spectra of single data blocks are too noisy
to allow meaningful study. However, the average of these power
spectra clearly shows three components: (1) low-frequency noise
below 15 Hz (the power increases towards lower frequencies);
(2) a strong broad peak with a centroid frequency near 30 Hz;
and (3) a flat spectrum above 100 Hz, consistent with Poisson
noise.

No evidence was found for coherent pulsations in the X-ray
flux. The 99% confidence upper limit to the pulsed fraction of
coherent pulsations in the 50-400-Hz range is 0.3%; in the
400-2,000-Hz range it varies between 0.6 and 2.5%, depending
on frequency. In calculating these values, we followed the pro-
cedures described by Leahy et al* and took into account possible
Doppler shifts resulting from orbital motion of the source and
the satellite.

Power density estimates, using conventional FFT techniques,
may be in error because of low-frequency ‘leakage’, if a steep
low-frequency (‘red’) noise component is present'”, The power-
law slope of the red noise in our data is considerably below the
critical value of 2, above which problems may occur. Low-
frequency leakage is therefore not expected to affect our analysis.
This was confirmed by tests on artificial red-noise data and by
repeating the analysis of the 2-s blocks after ‘detrending’ each
of them by subtracting a low-order polynomial.

The properties of the broad peak in the power spectrum
(centroid frequency, width and integrated excess power) and
the low-frequency noise (slope, and integrated excess power)
strongly depend on source intensity, In Fig. 2a, b we show the
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observed power spectra as a function of time and source
intensity, respectively. The broad peaks in the power spectra
are seen in Fig. 2a as a dark ‘ribbon’; the low-frequency noise
is visible at the bottom. The centroid frequency v is clearly
correlated with the source intensity (Fig. 2a). Also, both the
quasi-periodic oscillations and the low-frequency noise diminish
at high source intensity. The dependence of v, on source intensity
is approximately linear (Fig. 2b). This dependence is not affected
by the ~30% drop in counting rate caused by the ‘trim’ near
t=17,000s (Fig. 1). A power-law dependence, however, is also
consistent with the data.

The fact that v. depends on source intensity and not on the
counting rate in the instrument convinced us that the peak in
the power spectrum is related to a phenomenon in GX5-1 and
is not an instrumental effect or an artefact of the analysis. In
this context we mention that background data obtained immedi-
ately before and after our observation with the same time resol-
ution, and observations of several other sources of similar bright-
ness, did not show a peak in the power spectrum.

As far as we can tell at this stage of the analysis, all variable
properties of the power spectra depend on the source intensity
only. To describe the power spectra quantitatively, we performed
least-squares-fits to the averages of power spectra selected from
six source-intensity intervals. As a fitting function we used

P(v)=A+Be ™+ Cl(v-r)*+(1/2)*1" (1)

where P is the power density and B and C are normalization
constants. The first term on the right-hand side (a constant)
descnbes the white-noise component. In our adopted normaliz-
ation® one expects A = 2 for poissonian noise. The low- frequency
noise is well described by an exponential function (second term
in equation (1)). A power law does not adequately fit the data.

We used a Lorentz profile with a full-width at half maximum,
A, and centroid frequency ». (third term in equation (1)) to
describe the peak. We also tried to fit the peak with a gaussian
profile; this did not give better power-law fits to the low-
frequency data. (The width and integrated excess power of the
peak are then 20-30% lower.)

The fits of expression (1) to the averaged power spectra (first
512 frequencies) have a reduced x? between 1.03 and 1.17 for
506 degrees of freedom. The variance of the power estimates was
taken as 4/ N, N being the number of power spectra averaged®.
Examples of the fits are shown in Figs 3 and 4. For decreasing
source intensity, v, decreases, the peak becomes narrower and
the low-frequency noise component steepens.

Figure 5 shows plots of the numerical results (listed in Table
1). The centroid frequency of the peak (Fig. 5a) shows a strong,
approximately linear correlation with source intensity. The peak
width (Fig. 5b) and the steepness of the low-frequency noise
spectrum (Fig. 5¢) show an approximately monotonic depen-
dence on the source intensity. The integrated excess power of
both the peak (Fig. 5d) and the low- frequency noise (Fig. 5¢)
show a maximum, roughly halfway in the observed intensity
range.

The width and integrated excess power of the peak are 30-50%
lower than shown in Fig.5 (b, d) if we choose a power-law
description of the low-frequency noise (both for a lorentzian
and a gaussian peak proﬁle) The centroid frequency is very
insensitive to changes in the fitting function.

In principle, the broad peaks in the averaged power spectra
could result from the averaging out of very narrow peaks which
occur at different frequencies in the power spectra of the
individual 2-s data blocks. However, the peak remains broad
when the data are analysed in intervals as sort as ~100s.

We shall assume that the averaged power spectra are rep-
resentative of those of the individual 2-s blocks. The results can
then be interpreted as resulting from a signal that shows quasi-
periodic oscillations of which the typical period decreases from
50 to 25 ms and the coherence time (defined as the e folding
time of autocorrelation function) from 75 to 25 ms when the
source intensity increases by ~30%. The signal also contains
low-frequency noise to which the contribution of slower vari-
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Fig. 2 a, Display of the temporal variation of the power spectra.

The frequency is in the vertical direction (left-hand scale). A
vertical cross-section of the display is a grey-scale coded rep-
resentation of a power spectrum. The darker the shade the higher
the power it represents. To conserve the quality of the picture, the
origina! display of 512x512 pixels has been smoothed with a
gaussian profile with o= 1.3 pixels. The variable broad peak in
the power spectra is visible as a dark ‘ribbon’; the low-frequency
noise is visible at the bottom. Also shown is the intensity of GX5-1
(rlght hand scale). The peak frequency depends strongly on source
intensity. Also, notice that both the quasi-periodic oscillations and
the low- frequency noise diminish at high source intensity. b, Dis-
play (see a) of the power spectra as a function of source intensity
(reduced to pre-trim collimator efficiency). The peak frequency is
approximately linearly related to source intensity.

ations becomes weaker for increasing source intensity and of
which the strength (integrated excess power) depends on the
source intensity in a way very similar to that of the peak.

The noise process that underlies the quasi-periodic character
of these oscillations is not strongly constrained by our present
analysis; the counting rates are too low to allow us to follow
individual wave trains. It could be the result of (see, for
example, ref. 14): (1) a superposition of randomly excited
damped harmonic oscillators; (2) random phase variations of
a periodic wave train; (3) the superposition of closely spaced
periodic oscillations whose frequencies are distributed over a
finite interval. It is also conceivable that the broad peak is the
result of a dependence of the peak frequency on the X-ray
photon energy, which is smeared out because of the absence of
energy resolution in our data.

Discussion

Intensity-dependent quasi-periodic oscillations, such as: those
reported here, have not been observed previously (millisecond
X.-ray oscillations lasting of the order of 10 s have been repor-
ted>® which are probably unrelated). The variations in

frequency of the oscillations clearly exclude the possibility that
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Fig.3 Linear displays of average power spectra of GX5-1 in six
different source-intensity intervals. a, 2,277-2,486; b, 2,486-2,695;
G 2,695-2,904; d, 2,904-3,113; e, 3,113-3,322; f, 3,322-3,531
(c.ps.). The average has been taken over the power spectra of
individual 2-s intervals (see text). Fits of equation (1) to the data
are also shown. Notice the change of centroid frequency and width

of the peak as a function of source intensity.

810 20 30

they represent the rotation period of the compact object.
Quasi-periodic oscillations on timescales of the order of tens
of seconds are a common phenomenon in cataclysmic vari-
ables'*'17  Of particular interest are the optical oscillations
seen during some dwarf-nova outbursts which show a positive
correlation between frequency and (optical) flux**'%1?, Apart
from the ~ 10 times Jonger period and the different energy band,
these oscillations differ from those in GX5-1 by: (1) the generally
one to three orders of magnitude larger coherence; (2) the

L
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positive correlation between coherence time and source
intensity'” (negative in GX5-1, see Figs 3, 4, 5b); and (3) the
much weaker dependence of frequency on optical flux.

Models proposed for these dwarf-nova oscillations include
inhomogeneities rotating with the inner accretion disk??!, or
with the white dwarf envelope®?; disk oscillations?*?*; oscilla-
tions in the atmosphere of the white dwarf2**®; and various
instabilities in the accretion flow (for example 27-29 ; for reviews
see refs 14, 18). We examine some of these models in the context
of our new findings for GX5-1, assuming that the compact object
is a neutron star; in the case of cataclysmic variables the compact
object is a white dwarf.

The dependence of the frequency of the oscillations on the
source intensity in GX5-1 is strong (dlogr./dlogl ~2). The
accretion-flow instability models of Langer®® and Livio®® can be
excluded on this ground alone. The model of King??, which
involves magnetic loops anchored in a differentially rotating
envelope of the compact object, predicts the correct sense for
the correlation of intensity with frequency and coherence of the
oscillations, but does not make quantitative predictions.

Non-radial g- or r-mode oscillations of the neutron star
envelope could have periods in the range observed by us*®*',
Proposed excitation mechanisms for these oscillations are thet-
monuclear flashes®® (see also ref.33) and sudden accretion
events>*. However, X-ray bursts have never been observed from
GX5-1. It is unclear whether, with a mass-accretion rate varying
by ~30%, the second mechanism can be considered viable.

In Bath's”® model for dwarf-nova oscillations, the oscillations
originate from inhomogeneously distributed matter (‘blobs’)
orbiting the compact object with the Kepler frequency at some
preferred radius, in particular that of the magnetosphere, r,,.
In the case of spherical accretion, r,, is given by**3¢

Tm = (2.9 10° cm) u3y’ m"/7 RG¥7 L3737 (2)
Here 5 is the magnetic moment of the compact object in units
of 10°G ¢m®, m its mass in units of solar masses, Ry its radius
in units of 10°cm and L,, the X-ray luminosity in units of
10”7 erg s™". In our further discussion we assume m = Ry =1.

The keplerian frequency vk at the magnetospheric radius
depends on the X-ray luminosity according to

v =(0.37 Hz) L35 p35”” (3)

With »¢~30Hz and L;;~10, one infers pj ~2x1072 or,
equivalently, a surface magnetic field strength B, ~2 x10'° G
and r,, ~160 km. The relation between the frequency of the
quasi-periodic oscillations and the luminosity for GX5-1 is
qualitatively as predicted by equation (3). However, as men-
tioned above, the observed value for the exponent is about five
times the predicted value of 3/7, and this may indicate that this
model?® is not applicable here. Alternatively, disk oscilla-
tions”** could occur near, for example, the magnetospheric
radius. The periods of disk oscillations are of the order of the
Kepler ?eriods”; the oscillations would then occur at a radius
of ~10°km. The quasi-periodic oscillations in the X-ray flux
could, for example, be produced by intermittent occultations of
the X-ray source by the orbiting blobs or by the oscillating disk.

Warner*! suggested that the observed frequency, ., of the
dwarf nova oscillations is the beat frequency of the (keplerian)
disk frequency, »,, at the magnetospheric radius and the rotation
frequency, v, of the white dwarf. Alphar and Shaham®>*
suggest the same idea to explain the oscillations in GX5-1. For
the case of the neutron star this leads to

ve= (037 Hz)usg"" L3 ~ v, 4)

The dependence of v, on luminosity can then be made stronger
at will by a proper choice of the value of »,. A fit of relation
(4) to our data (dashed curve in Fig. 5a) yields () '=
10.5:£0.4 ms and B, = (6.3 +0.3) x10° (D/10 kpc) G; here D is
the source distance. The magnetospheric radius is ~60 km.
The derived magnetic field strength depends strongly on
whether the blobs are seen at the magnetospheric radius, r,,
(equation (2)), or at some other radius. According to Ghosh
and Lamb®’, for disk accretion, the appropriate magnetospheric
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radius is ~0.5 xr,,, which would lead to a field three times
stronger. However, the above value for ¥, would not change.
A potential problem with models involving a magneto-
sphere?®?1-383% i the absence in our data of coherent X-ray pul-
sations, resulting from the neutron star’s rotation, with a period ~ . ‘ 4
near 10 ms (see Fig. 4). The upper limit (99% confidence level) e :
to the pulsed fraction of coherent pulsations with periods in the
range from 5 to 20 ms is 0.3%. Compared with a ‘classical’ X-ray
pulsar, for example, HerX-1 (B, ~ 4 X 10'? G; ref. 41), the mag-
netospheric properties of GX5-1 would be very different. The
magnetospheric radius would be ~50 times smaller, the magnetic
dipole field at r,, ~10” times higher, the opening angle of the
accretion column near the magnetic pole a factor of ~6 larger,
the density of the inflowing matter at r,, ~3 X 10° times larger
and the column density outside the magnetosphere ~10? times
larger. It is therefore possible that the neutron star in GX5-1 .
cannot be seen directly because it is obscured by plasma. It is Fig. 4 Logarithmic displays of average power spectra in four
also conceivable that a special geometry of ‘X-ray beams’ may different source intensity intervals (see Fig. 3 legend). g, 2,277-
hide the signature of the neutron star spin, or that the magnetic 2,486; b, 2,695-2,904; c, 2,904-3,113; d, 3,113-3,322 (c.p.s.). The
and rotation axes are co-aligned. dependence of the low-frequency nois,'e on source intensity is seen
Despite the fact that the beat-frequency model?'***3° has been more clearly than in Fig. 3.
introduced in a rather ad-hoc fashion to account for the observed ’
relation between frequency and intensity, the inferred rotation sources evolve into wide binary radio pulsars**-*’. (That a spun-
period and magnetic-field strength of the neutron star fit well®®  up neutron star with a relatively weak magnetic field, in a binary,
into an ex1stmg evolutionary framework for the galactic bulge may later on show up as a fast radio pulsar was ﬁrst suggested
sources*>*, which links these objects to the 6-ms radio pulsar* by Smarr and Blandford*® and further elucidated in refs 49-53.)
PSR1953 +29. The rotation period of ~10ms, as predicted by the beat--
In this evolutionary model“>*, neutron stars in bright galactic ~ frequency model for GX5-1, is in accordance with the evolution-
bulge sources are spun up to millisecond rotation periods ary model****, The magnetic dipole field strength of PSR1953 +
because of accretion from an evolved companion, and the X-ray 29 (=2 x10'° G; refs 45, 54) is comparable to that predicted by

10— 109 10} 102 103 1G4
Frequency {Hz)

Table 1 Best-fit parameters of power spectra

N 97 425 464 . 288 208 128
Iim (c.ps.) 2,277-2,486 2,486-2,695 2,695-2,904 2,904-3,113 3,113-3,322 3,322-3,531
I (c.p.s.) 2,427 2,603 2,790 3,001 3,225 3,403
v, (Hz) 20.07+0.15 2438+0.16 - 27.26+0.2 31.25%0.5 35.11£1.0 36.35£1.6
A (Hz) 42%0.6 7.6+0.5 9.2+0.7 12.6£2.0 12.4+4.0 12.6+10.0
Poeai (10% (c.p.s.)?) 2.47£0.13 2.89+0.13 3.27£02 33304 . 2.03£0.6 2.02£1.0
Soear (%) 6.48+0.17 6.530.15 6.48+0.2 6.08+0.4 4.42+0.7 4.18+1.0
7y (s) 0.367+0.04 0.247£0.014 0.211%0.014 0.216+0.02 0.168 +0.04 0.188+0.08
Ppen (10% (¢/5)?) 232+0.15 2.65%0.10 2.83+0.12 2.72+0.19 1.93£0.25 2.15+0.4
Sren (%) 6.28+0.2 6.25+0.12 6.03£0.13. . 5.500.19 431+03 431404 :
A 2.011 £ 0.009 2.004+0.004 1.987+0.004 -1.983 +0.005 2.003 +0.007 2.002+0.010 - -
x> (506 d.f.) 1.17 1.07 1.03 _‘ L9 1.07 .05 ¢

Results of least-squares fits of equation (1) to averaged power spectra taken from six source-intensity intervals. N is the number of individual
power spectra (2-s data blocks) averaged, the values for I, indicate the limits in source intensity defining the intervals, and T is the average
intensity within each interval. Peak centroid frequcncy v,, full-width at half-maximum A, steepness parameter ‘y of the low-frequency noise and’
the white-noise level A are defined by equation (1). P veak and Py gy are the mtegrated excess power in the peak and in the low-frequency noise,’
respectively. These numbers are the mtegrals (v =0 to o) of the third and the second term, respectively, of the fits of equation (1), to the power
spectra, normalized to assign a power a to a sinusoidal modulation with amplitude a. f,mk and fLFN are the correspondmg relative amphtudes.
Quoted errors correspond to the extreme limits of the x2;,+1 error contours.
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Fig. 5 Parameters of the power spectra (see Table 1) as a function
of source intensity. a, Centroid frequency v, of the peak in the
power spectrum. The dashed curve is a fit of equation (4) to the
points. Clearly, a linear relation would also be an excellent fit to
our results. b, Full-width at half maximum, A, of the peak in the
power spectrum. In this panel the two highest intensity intervals
have been combined. ¢, Steepness parameter, y, of the low-
frequency noise. d, Integrated excess power of the peak in the
power spectrum. Note the striking similarity with e. e, Integrated
excess power of the low-frequency noise. Note the striking similar-
ity with d. Vertical error bars are 1o single-parameter, and take
correlations between parameters in the fit into account. Horizontal
bars represent the standard deviations of the intensity distributions
in each of the six chosen intervals.

the beat-frequency model for the neutron star in GX5-1. These
coincidences make the beat-frequency model attractive, but they
could well be accidental.

Magnetic fields of neutron stars probably decay on a timescale
of (2-5)x10%yr*® (but see ref. 56). Therefore, if the quasi-
periodic oscillations in GX5-1 are related to a magnetosphere
(with a magnetic field strength of the neutron star of the order
of 10'° G), the age of the neutron star in GX5-1 is probably of
the order of 5107 yr. Van den Heuvel and Taam®’ pointed out
that, in the above evolutionary model*®** neutron stars are
most probably formed during the mass-transfer phase by the
accretion-induced collapse of a white dwarf. The mass-transfer
phase in systems with an evolved companion lasts only ~10% yr.
Thus, neutron stars in such systems could be relatively young
(<10®%yr). The mass-transfer phase in systems with low-mass
unevolved companions can last up to ~10°yr. Thus in those
systems the probability of finding a relatively young neutron
star is small. Therefore, if magnetospheric models are correct
- and the above evolutionary scenario is applicable, one would
expect that similar quasi-periodic oscillations in low-mass X-ray
binaries may be observed preferentially in systems which have
an evolved companion star.

Our data suggest that the low-frequency noise is a different
manifestation of the same phenomenon that causes the oscilla-
tions (notice the similarity between Fig. 5d and e). If we specu-
late that the X-ray oscillations are the result of ‘blobs’ in the
inner accretion disk, the low-frequency noise could perhaps
represent the size distribution of the blobs, larger blobs con-
tributing to the noise power at lower frequencies. The blobs
would have to disappear when the source intensity is high
(decline of low-frequency noise). In this scenario, we can derive
4 lifetime for the blobs of 0.1-0.2 s from the observed width of
| the peaks in the power spectra. This estimate is based on the
assumption that during its lifetime a blob causes a wavetrain of
constant amplitude and frequency. We observe (see Fig. 5b, ¢)
that ‘when the steepness of the low-frequency noise is at a
maximum (many large blobs present), the peak in the power
spectrum is relatively narrow (long blob lifetime). This is
contrary to what would be expected if this lifetime is dictated
by differential keplerian rotation®.
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Possibly there is a ‘gating’ mechanism which allows incoming
blobs (producing the low-frequency noise) to accrete in a
piecemeal fashion (producing the quasi-periodic oscillations).
This mechanism could then ‘exhaust’ the blobs, and now larger
blobs may survive longer than smaller ones, consistent with our
observations. A gating mechanism would probably fit in any of
the above magnetospheric models™2'-8,

Clearly, the scenarios and ideas discussed here are speculative.
Any successful model must produce a physical mechanism
explaining the observed properties of the quasi-periodic oscilla-
tions and the low-frequency noise, including their strong depen-
dence on the source intensity.

We observed GXS5-1 again for ~8h on 29 April 1985. An
analysis, performed the same day, showed that the quasi-peri-
odic oscillations were again present. When this manuscript was
in the final stage of typing, Dr W. Priedhorsky and his co-workers
informed us that they observed (personal communication)
similar phenomena from ScoX-1 as described here for GX5-1.
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the directors of the Max-Planck Institute for Extraterrestrial
Physics in Garching for their hospitality. This work was also
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Note added in proof: Models for the quasi-periodic oscillations
along the lines suggested at the end of this article have been
proposed by Alpar, Lamb and Shaham® and by Berman and
Stollman®. Intensity-dependent quasi-periodic oscillations have
also been detected in CygX-2 (Hasinger et al., IAU Circ. 4070),
and quasi-oscillations have been demonstrated to be intensity
dependent in ScoX-1 (M.v.d.K. et al, IAU Circ. 4068). We point
out that CygX-2 has an evolved companion, which supports our
suggestion that the oscillations will be preferentially observed
in such systems. We thank Fred Lamb for a useful discussion
concerning the coherence time of the oscillations.
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How the geomagnetic field vector reverses polarity
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A highly detailed record of both the direction and intensity of the Earth’s magnetic field as it reverses has been obtained
Jfrom a Miocene volcanic sequence. The transitional field is low in intensity and is typically non-axisymmetric. Geomagnetic
impulses corresponding to astonishingly high rates of change of the field sometimes occur, suggesting that liquid velocity
within the Earth’s core increases during geomagnetic reversals.

THE Steens Mountain (Oregon) reversed-to-normal polarity
transition’ is probably the most detailed record of a reversal of
the geomagnetic field reported from a volcanic sequence. This
Miocene reversal occurred 15.5+0.3 Myr ago®® and can be
correlated with the older boundary of marine magnetic anomaly
5 B2 (ref. 4). We have completed an extensive palacomagnetic
study of the Steens Mountain reversal to obtain a precise,
detailed description of fluctuations in absolute palaeointensity
of the geomagnetic field as it reverses. In the course of" this
study, we also obtained a more complete description of the
directional changes during this reversal. These directional and
palaeointensity data place new major constraints on the revers-
ing Earth’s dynamo.

Field and laboratory methods

We collected slightly over 1,000 oriented samples from three
almost completely sampled sections, A, B and C, of the upper
two-thirds of the Steens Basalt. Sections A and B are located
only 1km apart on Steens Mountain (42.63° N, 241.43° E) and
are readily correlated by matching the transitional field direc-
tions. Taken together, these two sections span the end of the
pre-transitional reversed period, the transition and the post-
transitional normal period. Samples from section C (42.18° N,
240.07° E), located 130 km to the south-west of Steens Mountain,
are reversed with the exception of those from the top flow, which
display a transitional direction also observed on Steens Moun-
tain' at the start of the reversal. The main eruptive centre was
probably close to Steens Mountain, and the reversed part of
Section C is believed to be older than the reversed zones sampled
at the bottom of sections A and B, on the basis of the sequence
of palacomagnetic directions. The composite section obtained
by combining sections A, B and C is 615 m thick and consists
of ~120 distinct lava flows, which are numbered within each
section from the top to the bottom.

The palaeodirection of the field was calculated from the
remanence direction after either alternating field or thermal
cleaning. After grouping successive flows with the same average
@rection of remanence, the Steens record consists of 55 direc-
tional groups (also numbered from the top to the bottom) of
zvlgich )12 are reversed, 29 are transitional and 14 are normal

1g. 1).

The absolute palaeointensity of the field was determined using
the method of Thellier and Thellier®. Although time-consuming,

this method is preferable because it relies on experimentally
well-established physical laws and a sound theoretical back-
ground. In addition, the method allows palaeointensities to be
determined without the direct heating of samples to high tem-
peratures required by other methods, which usually result in
major magnetochemical changes. We selected 185 samples for
palaeointensity investigations with low viscosity index, high
Curie point and reversibility (or near-reversibility) of the strong-
field magnetization curve versus temperature. These criteria
proved to be pertinent. We obtained 157 useable palaeointensity
values corresponding to 51 vectorial groups (group of successive
flows with the same directions and palaeointensities).

Vectorial description

The transitional state of the geomagnetic field vector may be
defined as corresponding to successive vectors of which' either
the directions or intensities (or both) are outside the range of
secular variation observed in the adjacent pre- or post-transi-
tional periods. Using this criterion, the end of the transition
corresponds to directional group (DG) 15 whose direction and
intensity are both transitional (Fig.2). The beginning of the
reversal was recorded by DG 43, which displays the first transi-
tional palaeointensity (Fig.2). However, the direction of the
field at the same time was only 27° away from that of the reversed
dipole (Fig. 1) and may be considered to be within the range
of secular variation. Thus, transitional palaeointensities seem
to have shortly preceded the transitional directions, which were
recorded by the immediately following directional groups. -In
contrast, normal directions and intensities were recovered simul:
taneously at the end of the reversal.

Records of secular variation before and after the reversal were
used to obtain a crude estimate of the duration of the transition.
We assumed that these records are essentially complete because
of the high extrusion rate needed to record the field reversal in
such detail. A review of archaecomagnetic results® shows_ that
the angular rate of change of the virtual geomagnetic pole, when
calculated from 2,000 yr BP to the present, is almost the 'sarne
(6 +1° per 100 yr) for areas as widely separated as Europe; North
America and Japan. Assuming that this rate can be used for the -
Miocene, we found that the reversed and normal records in the
Steens Basalt correspond to periods of 5,000 and 3,500 years;.
respectively. The corresponding accumulation rates of flows at |
Steens Mountain (sections A and B) are the same (43+4 m ‘per




