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S U M M A R Y
We present results from a study of a partial magnetic polarity transition record from a 9.7 Ma
40Ar/39Ar dated volcanic section on the island of Gomera (Canary Islands, Spain). The record
provides results that bear on the debate over whether long-term persistent features of field
behaviour exist during transitions. The sampled section, containing more than 20 flows, be-
gins after the onset of the transition. The nine lowermost flows in the section, which are all
transitional, yield virtually identical directions and similar low paleointensities. Following the
recovery of virtual geomagnetic pole positions (VGPs) to near the spin axis, paleointensities
progress to very high values. Transitional directions lay due west, reflecting the presence of
a non-zonal intermediate field. VGPs for these flows cluster in the west Atlantic, which ac-
cording to Hoffman would correspond to a zone of fastest P-wave propagation in the lower
mantle and to a radial flux centre of the present-day non-dipole field. Hoffman had noted a
similar occurrence at two other locations. He found that in a select set of volcanic records
VGPs tended to group over two areas (Australia and South America), which also corresponded
to fast P-wave and non-dipole field anomalies. Given the discontinuous and irregular charac-
ter typical of volcanic sequences, it is natural to question whether these clusters are merely
artefacts of episodic volcanism or actually reflect standstills of the reversing field. We address
this question for our record by comparing chemical and magnetomineralogic characteristics
of the flows. We find that all of the transitional flows have very similar chemical and rock
magnetic properties. Furthermore, these flows differ significantly from the overlying reverse
flows, which give distinctly different values and much greater flow-to-flow variation. From this
we conclude that the packet of transitional flows was derived from the same source and had
erupted over a relatively short period of time, as reflected by a magma source that presum-
ably did not have time to evolve significantly. While the VGP cluster in the Gomera record is
consistent with long-term mantle control on transitional fields, we cannot conclude that the
cluster represents a standstill of the field. These results highlight the difficulties of interpret-
ing temporal changes in field behaviour from volcanic sequences. In addition, they provide
a clear incentive for investigating physical characteristics of lavas to assess relative eruptive
rates.

Key words: Canary Islands, geomagnetic reversals, palaeointensity, palaeomagnetism,
remanent magnetization, volcanic activity.
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I N T RO D U C T I O N

The information from which we speculate how the palaeomagnetic
field behaves comes from records that inherently distort the orig-
inal signal they record (Langereis et al. 1992; Valet et al. 1992;
McFadden et al. 1993). Sediments, yielding relatively continuous
records of field behaviour, are criticized for being subject to a variety
of effects that can degrade their ability to adequately record true field
behaviour. Volcanic sequences, on the other hand, praised for their
ability to capture, with high precision (Tanguy 1990), information
of the palaeomagnetic field, are often subject to drastic variations
in eruption rate and therefore give a view of the temporal changes
of the field that is variably stretched, compressed or contains large
gaps.
An example of this comes from volcanic records of polarity rever-
sals. Many such records yield transitional virtual geomagnetic pole
positions (VGPs) that rest at intermediate positions between nor-
mal and reverse polarity for apparently relatively long periods of
time during the transition (Mankinen et al. 1985; Hoffman 1992).
Because of the episodic nature of volcanism, this has commonly
been interpreted as resulting from the rapid extrusion of successive
lavas that produce an apparent standstill of the field. On the other
hand, arguments in favour of this representing true field behaviour
are supported by findings that the field may revisit these same in-
termediate sites later in the transition after directions have moved
elsewhere (Mankinen et al. 1985; Glen et al. 1994). Even more

Figure 1. Geological map of the island of Gomera showing the locality of the sampled section. Ages are given in millions of years next to circles denoting the
sample localities. Black (white) circles indicate normally (reversely) magnetized sites. Ages are from Abdel-Monem et al. (1971). The map has been modified
from Abdel-Monem et al. (1971).

intriguing is the prospect that these sites may represent preferred
states of the geodynamo. This conjecture arises from observations
that several different records from around the globe, and of different
reversals, show clustering of VGPs at similar sites (Hoffman 1992).
Here we present a study of a volcanic sequence from the island
of Gomera, Spain, which partly spans a 9.7 Ma polarity reversal
(N-R) or excursion (R-T-R), which displays a prominent clustering
of directions contained in a packet of nine flows. Our results bear on
the question of whether or not this cluster is an artefact of variable
rates of eruption. Furthermore, our results suggest that simple tests
can and should be applied in order to assess whether clusters such
as this are likely to be due to the rapid succession of flows.

Gomera section and sampling

The Canary Islands consist of seven volcanic edifices located in the
east Atlantic, just off the coast of North Africa. They formed via
submarine volcanism, intense dyke injection, plutonic intrusion and
subareal volcanism during the Cenozoic, principally over the past
20 Myr. The magmas are generally highly alkaline, with the west-
ern islands, including Gomera, being dominantly mafic. Gomera
formed through several stages of volcanism beginning more than
10 Ma. The geology of the island (Cubas 1978) consists of two main
units, a basal complex (consisting of basic plutonic rocks, submarine
sediments and volcanics, and a dense network of dykes) and later
volcanics (made up of basaltic lavas, pyroclastics, and tachytic and
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phonolitic domes and flows). The later volcanics comprise two pe-
riods of volcanic activity (older and younger basalts). Major un-
conformities occur between the basal complex, older basalts and
younger basalts, which seem to represent rather long delays in vol-
canism and erosion. Older basalts formed between 10 and 6 Ma
are separated from younger basalts by an erosional unconformity at
∼6–5 Myr (Cantagrel et al. 1984).
We sampled a section from the older basalts that is located on the
southeastern part of the island (Fig. 1). It consists of a vertical section
of over 20 basaltic lavas spanning nearly 40 m. A slight dip of these
lavas to the east, is considered to reflect the original dip. We were
led to the section by the work of Abdel-Monem et al. (1972), which
reported a transitional flow presumably constrained to lie between
normally magnetized flows below and reversely magnetized flows
above.

We identified the transition using a portable fluxgate magnetome-
ter in the field to determine the magnetostratigraphy from oriented
hand samples. Fluxgate readings suggested that the section spanned
a normal to reverse transition. We sampled 22 successive flows using
a gas-powered portable drill. Generally, six samples per flow were
drilled and oriented with magnetic and sun compasses. In the ab-
sence of sun compass readings, declination corrections were based
on either site or section mean corrections.

Upon demagnetization it became clear that the sampled section
only partially spans a reversal or excursion, beginning with transi-
tional directions and ending in full reverse directions. The reason
we had not seen this in the fluxgate readings was probably due to the
fact that the transitional directions are steep and down, and their po-
larity mainly resolvable in the vertical plane. Given the crude nature

G
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96LGA1

96LG02

96LG16
96LG15

Figure 3. Plot of (a) declination and (b) inclination versus flow number
through the Gomera section. Flows are numbered in stratigraphic order from
top (1) to bottom (19). Positions of 40Ar/39Ar samples are shown on the right:
96LGA1 comes from two flows above the section sampled for palaeomag-
netic studies; 96LG15 and 96LG16 come from 10 and 11 flows, respectively,
below the sampled section.

of the fluxgate readings the vertical component would suggest the
flows were normally magnetized. It is also possible that the hand
samples were more weathered than drilled cores and contained a
relatively large overprint that masked the primary component of the
transitional flows.

P RO C E D U R E S A N D R E S U LT S

40Ar/39Ar experiments

Four samples spanning the Gomera section, were found suitable
for 40Ar/39Ar whole-rock dating based on their appearance in thin
section and the presence of minimal alteration. Whole-rock sam-
ples (50–150 mg) were prepared and analysed at the Berkeley
Geochronology Center. Samples were crushed and sieved to ex-
tract the 40–60 mesh (230–380 µm) fractions and then rinsed ul-
trasonically in dilute hydrofluoric acid. Whole-rock samples (mi-
nus phenocrysts) were loaded into an aluminium disc, following
the scheme illustrated by Renne et al. (1998), and irradiated for
10 h in the CLICIT facility at the Oregon State University TRIGA
reactor.

The neutron fluence (J ) of the samples was monitored using Fish
Canyon sanidine (28.02 Ma; Renne et al. 1998). Standards were
fused using an argon ion laser and analysed with a Map 215C mass
spectrometer, following methods described by Renne et al. (1998).
A J -value of 0.002 5694 ± 0.000 0022 was determined from the
weighted mean 40Ar∗/39ArK of ten single grains of the standard from
the irradiated disc. Neutron fluence gradients for this geometry are
generally approximately 0.5 per cent, and we assign this uncertainty
to the J -value despite an analytical precision of 0.09 per cent for the
10 analyses. Ages (Table 3) were calculated using decay constants
of λβ− = 4.962 × 10−10 and λec = 5.81 × 10−11 (Steiger & Jäger
1977). Following irradiation, the samples were incrementally heated
in a double-vacuum, electrical resistance furnace and analysed with
a MAP 215–50 mass spectrometer using the methods described by
Renne (1995).

Table 1. Site mean directions from the Gomera section. From left to right:
site (site number), n/N (number of samples used/number of samples treated),
declination, inclination, α95 (95 per cent) confidence cone of the Fisher
statistics), k (precision parameter), VGP lat. (latitude of virtual geomagnetic
pole), VGP long. (longitude of VGP), polarity (polarity of the flow; I =
intermediate, R = reverse).

Site n/N Dec. Inc. α95 k Lat. Long. Polarity

1 5/5 182.9 −24.4 8.3 86.7 −74.5 332.2 R
2 5/5 178.8 −28.8 8.3 86.5 −77.2 348.1 R
3 3/3 184.9 −22.1 19.2 42.1 −72.8 326.4 R
4 5/5 179.4 −35.8 6.2 160.7 −81.7 346.8 R
5 4/4 181.1 −33.8 12.4 62.3 −80.4 336.6 R
6 4/4 178.7 −37.5 6.4 205.8 −82.8 352.6 R
7 5/5 178.5 −34.5 4.9 187.8 −80.8 351.7 R
8 3/3 186.5 −31.2 14.2 76.0 −77.3 313.4 R
9 5/5 170.7 −34.5 7.1 123.2 −77.5 27.9 R

10 10/10 173.2 −32.3 6.2 69.0 −77.7 15.0 R
11 7/7 269.1 78.0 6.0 101.4 25.3 317.2 I
12 6/6 278.0 73.9 4.8 194.7 28.0 308.7 I
13 7/7 289.0 77.7 2.6 525.3 33.1 316.0 I
14 4/4 285.8 71.9 9.3 98.4 31.7 304.6 I
15 5/5 275.4 74.3 4.7 276.6 26.8 309.7 I
16 6/6 268.4 73.4 4.9 484.1 23.1 309.0 I
17 6/6 260.6 74.8 5.0 179.3 20.2 312.7 I
18 3/3 271.8 69.2 7.9 247.6 23.1 301.8 I
19 4/4 275.5 71.9 9.7 102.2 26.1 305.5 I
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Apparent age plateaux are defined as comprising three or more
mutually indistinguishable and contiguous steps spanning 50 per
cent or more of the total 39Ar released, showing no discernible slope.
Ages were calculated from the error-weighted mean of isotopic data
for the plateau-defining steps, and are given reported here at the one
standard deviation level.

Three of the four samples analysed yielded well-defined and
indistinguishable plateaux of 9.60 ± 0.09 Ma (96LG02), 9.73 ±
0.08 Ma (96LG15) and 9.72 ± 0.11 Ma (96LG20). The fourth sam-
ple (96LGA1) does not yield a plateau as defined herein, and has a

Table 2. Paleointensity results from the Gomera section. From left to right: flow, sample, �T (interval of temperature used for the paleointensity determination),
f (NRM fraction), g (gap factor), q (quality factor), w (weighting factor), Ha (paleointensity determination), Ha error (standard error of Ha), VADM (virtial
axial dipole moment), VADM error (standard error of VADM), accept (indicates whether paleointensity value was accepted—see text). For definitions of factors
f , g, q and w, see Coe et al. (1978).

Flow Sample �T f g q w Ha Ha error VADM VADM error Accept
(×1E6 T) (×1E6 T) (×1E23 Am) (×1E22 Am)

1 G0101a 400–475u 0.25 0.5 1.83 1.833 25.96 1.79 0.52 0.358 Y
1 G0102b 400–475u 0.22 0.5 1.61 1.611 30.69 2.04 0.615 0.408 Y
1 G0103b 350–500u 0.29 0.61 1.33 0.944 37.15 4.84 0.744 0.97 Y
1 G0104a 400–500u 0.18 0.48 1.08 1.08 43.28 3.48 0.867 0.698 N
2 G0205a 400–500u 0.41 0.49 2.18 2.182 21.11 1.93 0.423 0.387 N
3 G0301b 400–500u 0.24 0.49 2.9 2.902 58.38 2.41 1.17 0.483 Y
6 G0605a 400–500u 0.42 0.5 1.9 1.898 18.85 2.07 0.378 0.415 N
6 G0606a 400–500u 0.43 0.5 2.24 2.237 17.81 1.73 0.357 0.346 N
7 G0702a 400–500u 0.34 0.49 2.35 2.348 34.06 2.38 0.682 0.476 N
7 G0703a 400–500u 0.32 0.49 1.08 1.082 22.72 3.28 0.455 0.656 N
7 G0705a 400–500u 0.38 0.48 1.81 1.815 29.54 2.96 0.592 0.594 N
8 G0801a 300–450u 0.35 0.72 12.25 7.07 96.34 1.99 1.93 0.399 Y
8 G0802a 400–500u 0.2 0.5 1.25 1.25 92.14 7.17 1.85 1.44 Y
8 G0803a 350–475u 0.27 0.66 7.13 5.042 66.46 1.67 1.33 0.334 Y
9 G0904b 350–475u 0.33 0.66 3.28 2.319 53.69 3.56 1.08 0.713 Y

10 G1001b 400–500u 0.24 0.49 1.64 1.639 34.3 2.47 0.687 0.496 Y
10 G10b01a 400–475u 0.14 0.48 2.45 2.454 8.15 0.23 0.163 0.0458 Y
10 G10b02a 400–500u 0.23 0.63 0.9 0.634 34.64 5.49 0.694 0.011 Y
10 G10b3a 350–500u 0.35 0.65 2.9 2.054 36.85 2.86 0.738 0.574 Y
10 G10b4a 350–500u 0.25 0.56 2.01 1.42 51.68 3.65 1.04 0.731 Y
11 G1102a 400–500u 0.2 0.45 1.4 1.399 17.04 1.08 0.341 0.217 N
11 G1103a 350–450u 0.17 0.5 13.57 26.48 0.17 0.531 0.0332 Y
11 G1104a 350–500u 0.28 0.64 3.27 2.314 16.74 0.92 0.336 0.184 Y
11 G1106a 400–500u 0.29 0.42 3.56 3.555 10.41 0.36 0.209 0.0717 Y
11 G1107a 350–450u 0.21 0.49 2.43 2.427 17.38 0.74 0.348 0.148 Y
11 G1108a 300–500u 0.33 0.74 7.14 0.4124 20.91 0.72 0.419 0.144 Y
12 G1202a 400–500u 0.31 0.48 5.31 5.312 11.91 0.34 0.239 0.0679 Y
12 G1203a 300–400u 0.13 32 3.1 3.099 14.18 0.19 0.284 0.0373 Y
12 G1205a 350–500u 0.35 0.61 2.27 1.602 7.98 0.75 0.16 0.15 Y
13 G1301a 400–475u 0.13 0.47 9.67 9.668 10.19 0.07 0.204 0.0134 Y
13 G1303a 400–500u 0.17 0.47 3.31 3.312 14.97 0.37 0.3 0.0732 Y
13 G1305a 350–450u 0.2 0.47 4.87 4.875 7.82 0.15 0.157 0.0297 Y
13 G1306a 350–450u 0.13 0.49 3.06 3.064 13.57 0.28 0.272 0.0555 Y
14 G1403a 350–450u 0.17 0.46 5.94 5.941 12.63 0.16 0.253 0.0328 Y
14 G1405a 350–500u 0.27 0.66 10.57 7.476 14.4 0.24 0.289 0.0488 Y
14 G1406a 350–475u 0.24 0.65 2.98 2.11 13.86 0.73 0.278 0.147 Y
14 G1407a 400–500u 0.15 0.48 1.64 1.64 16.5 0.71 0.331 0.143 Y
15 G1503a 300–500u 0.14 0.48 2.08 2.079 30.57 0.97 0.613 0.195 Y
15 G1506a 300–400u 0.21 0.44 0.92 0.921 22.15 2.22 0.444 0.445 Y
15 G1507a 200–400u 0.24 0.63 0.97 0.684 16.52 2.61 0.331 0.523 Y
15 G1508a 200–400u 0.25 0.66 1.05 0.739 18.31 2.83 0.367 0.567 Y
15 G1509a 300–500u 0.34 0.68 1.41 0.813 10.91 1.76 0.219 354 Y
17 G1705a 300–525u 0.24 0.79 2.86 1.278 10.09 0.68 0.202 0.136 Y
17 G1707a 400–520u 0.39 0.49 3.61 3.608 4.07 0.21 0.0815 0.0423 Y
18 G1804a 400–500u 0.15 0.67 3.37 2.384 10.37 0.3 0.208 0.0599 Y
18 G1805a 350–475u 0.13 0.66 0.7 0.493 18.36 2.19 0.368 0.439 Y
19 G1903a 300–500u 0.45 0.74 9.07 5.234 11.37 0.42 0.228 0.0841 Y
19 G1904a 400–475u 0.14 0.5 1.73 1.73 7.36 0.29 0.147 0.0576 Y

slightly older integrated age of 10.1 ± 0.3 Ma. An isochron fit to
all 21 steps from this sample yields an age of 9.9 ± 0.2 Ma, with
an initial 40Ar/36Ar ratio of 303 ± 11 (MSWD = 1.4, probability =
0.12). We infer that this sample contains an initial trapped compo-
nent of excess 40Ar, which although analytically indistinguishable
from the atmospheric value nonetheless compromises the data from
this sample. The three samples yielding plateaux all yield isochrons
with atmospheric intercepts and ages consistent with the plateau
ages. The age errors reported above include the 0.5 per cent neu-
tron fluence uncertainty but not systematic errors related to decay
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constants or the age of the standard. Within these errors, it is clear
that the flows were erupted over a time interval shorter than our an-
alytical precision, i.e. less than 100 ka. Because the three flows ages
are indistinguishable, the age of the polarity transition is probably
best estimated at 9.7 Ma, corresponding to the weighted mean of
the three ages. It is noteworthy that the Ca/K ratios (derived from
37Ar/39Ar data) are quite uniform within and between samples, con-
sistent with their aphyric nature and with a close petrogenetic rela-
tionship between the lavas.

Directions

Measurements were performed in the shielded room at the palaeo-
magnetic laboratory of the Institut de Physique du Globe de Paris.
Sample magnetizations were measured on a JR5 Geofizica Brno
spinner magnetometer. We applied both stepwise alternating field
(AF) and thermal demagnetization (generally consisting of over
15 steps) to samples to determine characteristic and overprint com-
ponents of magnetization. AF demagnetizations were performed
with a Schonstedt AF demagnetizer, and thermal demagnetizations
were carried out in a Pyrox oven. In general, we found very good

G0301B -SC
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180

270

G16B2A -SC

0

90

180

270

G1402A -SC

0

90

180

270

G1104A -SC

0

90

180
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Figure 5. Stereonets of the NRM data for samples showing the acquisition of a CRM during heating. Since these plots are in core coordinates and the
laboratory field was applied along the z-axis of the core (corresponding to the centre of the net), a CRM associated with the growth of grains with higher
blocking temperatures than the set point can be identified as the migration of NRM directions to the centre of the plot forming a radial line. Steps above which
this chemical alteration first occurs were not included in the paleointensity estimates.

agreement between AF and thermal results (Fig. 2). In general,
vector plots showed a small, poorly defined overprint component
that was usually removed by 15 mT or 200◦C. (Fig. 2). We de-
termined characteristic components of magnetization using least-
squares principal-component analysis (Kirschvink 1980) and mean
flow directions by applying Fisher statistics (Fisher 1953).

Three of the sampled flows were thin and laterally discontinuous
in outcrop. Each of these was found to have a direction similar to
the overlying flow, suggesting that they were either reheated by, or
were part of the adjacent unit. As a result, sample directions from
these flows were grouped with those from the overlying lava to yield
19 individual flow groups. No structural correction was applied to
the directions since a slight dip of the flows to the east is considered
close to the original dip of the section. This is confirmed by the stable
polarity directions that are consistent with the expected geocentric
axial dipole field.

The directional record (Fig. 3, Table 1) reveals that we recovered
only the upper part of a normal-to-reverse (R-N) or perhaps an
excursion or aborted reversal (reverse–transitional–reverse, R-T-R)
and, that all the transitional flows record virtually the same direction.
Although several of the site mean poles for transitional flows are
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statistically distinct at the 95 per cent confidence level, suggesting
that some time had elapsed during the eruption of the transitional
flow packet, secular variation (SV) curves from this area (Soler et al.
1984) indicate that field directions vary up to 40◦ in both declination
and inclination over a period of less than 600 yr. This suggests
that either the transitional packet represents a fairly short period of
time or, SV was significantly diminished during the transition. The
latter point follows from the fact that during the transition, dipole
intensities are greatly reduced (up to 90 per cent) indicating that the
non-dipole field variations, if unchanged, would generate relatively
larger SV.

Figure 6. Paleointensity values for discrete specimens plotted against flow number. The bar at the side of the plot indicates the change from transitional (grey)
to reverse directions (white). Note that all the transitional flows yield similar low paleointensities; paleointensities do not recover with directions but remain
low during the eruption of the first reverse flow; post-transitional directions are marked by very high paleointensities. Open symbols reflect paleointensities that
were not accepted (see the text). Positions of 40Ar/39Ar samples are shown on the right.

The transitional flow directions, laying nearly due west reflect a
highly non-zonal field configuration. The VGPs derived from these
directions cluster in the west central Atlantic while the poles from
high in the section (the uppermost 10 flows) group near the South
Pole.

Paleointensity

Viscosity (µ) experiments (Thellier & Thellier 1944) were used to
screen out poor candidates for paleointensity measurements. Gen-
erally, values above 10 per cent were considered unsuitable for pa-
leointensity determinations. We performed µ tests by first placing
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samples in a 50 µT field aligned with the axes of the cores for
2 weeks, measuring their NRMs, and then repeating this with a
−50 µT field.

Paleointensities were performed by applying a modified double-
heating method of Coe (1967). We performed paleointensity mea-
surements on two to four samples from each flow and in many cases
on multiple specimens from the same sample. Measurements were
made in both air and argon atmospheres in a Pyrox oven. For the ar-
gon experiments, the oven was flushed, upon cooling, with nitrogen
that was precooled by circulating the gas through liquid nitrogen.
This was done in order to quicken the cooling time and to con-
serve argon. A single heating and cooling cycle for a load of 80
samples took roughly 4 h to complete. During the second heating
of each temperature step, a laboratory field of 45 µT was applied
immediately before the samples were cooled.

Paleointensity results (Fig. 4, Table 2) were generally defined
within a range of 350–475 ◦C, and had included at least three but
usually four to five NRM–TRM steps. Results show that samples
measured in argon behaved better than those measured in air (e.g.
yielding a greater number of positive PTRM checks).

PTRM checks back to the previous temperature step were per-
formed after each heating. In addition, occasional checks back to
lower temperatures were also performed. Higher temperatures (usu-
ally above 560 ◦ C) yielded negative PTRM checks. PTRMs were
considered positive when the largest PTRM offset (i.e. TRMstep −
TRMcheck), of PTRMs falling within or below the fitted tempera-
ture range, fell below 10 per cent of the total TRM determined by
extrapolating the fitted line to the x-intercept on the Arai diagram.
Acceptable PTRM offsets were typically below 5 per cent of the
total TRM.

In several cases the highest temperature steps (the last one to
three) display NRM directions that migrate towards the applied
field direction (Fig. 5), indicating that at these temperatures mag-
netic minerals formed where the blocking temperatures are higher

°

° °

°

Figure 7. Plot of susceptibility versus temperature for several samples from the Gomera section. An inflection in the heating curves at 580 ◦C indicating the
presence of magnetite. The presence of another minor mineral phase is suggested by bumps in the curves at or below 100 ◦C. The difference between heating
and cooling curves denotes that samples underwent chemical changes that effectively altered their magnetic mineralogy.

than the set point temperature. The onset of this alteration is best
viewed in core coordinates on a stereonet. This is because samples
were oriented in the paleointensity oven such that their z-axes (cor-
responding to the centre of the net) were aligned with the applied
laboratory field direction. As a result, the production of magnetic
phases with Curie temperatures higher than the set point tempera-
ture will manifest as a migration of directions to the centre of the
net (i.e. towards the laboratory field direction), resembling spokes
on a wheel (Fig. 5). Thus, the PTRM checks and the stereonets
of TRM data in core coordinates are useful for detecting the point
beyond which NRM–TRM data should not be used in estimating
paleointensities.

Palaeointesities were calculated using conventional TRM–NRM
Arai diagrams (Nagata & Arai 1963). On these plots, ideal be-
haviour is reflected as a straight line where the paleointensity is
given by the product of the slope of the line and the labora-
tory field. Results were generally poor and required that we re-
ject ∼60 per cent of the data, including four entire sites from
near the top of the section. As a result of the overall low quality
of paleointensity results we caution that the resulting paleointen-
sity record is only suggestive. Nonetheless, paleointensity results
(Fig. 6, Table 2) from the same flow yield relatively consistent val-
ues (Fig. 6, an exception is flow 10—the lower value was poorly
constrained).

The paleointensity record shows that all the transitional flows
yield similar low paleointensities, and that paleointensities do not
recover with directions but remain relatively low during the erup-
tion of the first reverse flow. In general, transitional directions are
associated with paleointensities that are ∼25 per cent lower than pa-
leointensities from reversely magnetized flows. Flows immediately
following the transition display a progression to very high pale-
ointensities that drop again at the top of the section. This feature,
which is seen in several other transition records (Prévot et al. 1985;
Chauvin et al. 1990; Bogue & Paul 1993; Valet et al. 1999; Riisager
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& Abrahamsen 2000), suggests that a post-transitional field char-
acterized by a strong restored dipole is a common characteristic of
reversals.

Rock magnetism

We performed a variety of measurements including anhysteretic re-
manent magnetization (ARM), low-field susceptibility (χ ), suscep-
tibility versus temperature (χ–T), hysteresis curves and magnetic
viscosity (µ), in order to characterize flow mineralogies and to as-
sess the suitability of the samples for paleointensity. χ–T measure-
ments were taken using AGICO KLY-2 kappabridges equipped with
CS-2 furnace apparatuses at the Laboratoire de Géomagnétisme du
Parc Saint-Maur and palaeomagnetic laboratory at the University of
California, Santa Cruz.

ARM/χ and IRM/χ ratios are commonly used as proxies for mag-
netic mineral concentrations. This is strictly true where the magnetic
carrier is magnetite, however, here we use it loosely to identify strati-
graphic trends in flow characteristics. Room-temperature, low-field
χ measurements were made with a Bartington susceptibility meter.
ARMs were imparted by applying a 95 mT peak AC field in the pres-
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Figure 8. Apparent age spectra from 40Ar/39Ar step-heating analyses. Steps containing less than 1 per cent of the total 39Ar released from any given sample
are omitted for clarity. Plateau ages with 1σ errors (see the text for a definition) are shown for the three relevant samples. Integrated ages are calculated from
the sum of all argon released through the experiment. The upper plot for each sample shows Ca/K calculated from neutron activation products.

ence of a 50 µT DC field. IRM measurements involved subjecting
the samples to a 300 mT field.

Virtually all of the samples were fully demagnetized (or retained
less than 10 per cent of their NRM intensities) after 580 ◦C in thermal
demagnetization experiments. This together with near-580 ◦C Curie
temperatures inferred from the χ–T curves (Fig. 7) suggest the
presence of titanomagnetite as the dominant carrier of remanence
for these samples.

E P I S O D I C V O L C A N I S M O R
M E TA S TA B L E T R A N S I T I O N A L F I E L D S

Because the transitional flows are very similar in direction and pa-
leointensity, a natural question that arises is how much time is rep-
resented by these flows. The fact that some flows yield poles that
are significantly different at the 95 per cent confidence level sug-
gests that some time had elapsed between flow eruptions. However,
this could represent a relatively short period of time (∼several tens
of years). Therefore, the question remains: are the clusters really
long-standing characteristics of transitional fields or are they sim-
ply artefacts of the episodic nature of volcanism?
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Figure 9. Plot of VGPs and their associated α95 values for flow means. The set of nine transitional flows gave virtually identical directions, suggesting that
either they were erupted over a relatively short time span or the field had remained in this metastable position for a relatively long period of time.

It is a particularly interesting question since the transitional
VGP cluster seen in the Gomera section lies in the western At-
lantic (Fig. 9), coincident with a region that has been noted
(Hoffman 1992) to correspond to both a near-radial flux centre
of the present-day non-dipole field and to a zone of fast P-wave
velocity—areas which Hoffman finds associated with VGP cluster
patches.

To aid in resolving whether or not the VGP cluster represents a
true standstill of the field, we attempted to characterize the magnetic
mineralogy of the flows. If the flows were erupted over a short time,
they would most likely come from the same source and have similar
chemistries, which should be reflected in their magnetic mineralogy.

We used both measures of ARM and IRM normalized to χ as
rock magnetic parameters to characterize flows (Fig. 10). In both
cases (ARM/χ and IRM/χ ) virtually all of the transitional flows
yielded similarly low values. In contrast, the reversely magnetized
flows yielded generally higher values and showed greater variability
from flow to flow, suggesting that the transitional flows were derived
from a common source and erupted over a relatively short period of
time. Chemical analyses performed on several of the flows reveal
a similar pattern that distinguishes reverse from transitional flows
and suggests that reverse flows are more variable in composition
(Fig. 11).

This is somewhat surprising considering the large number of flows
involved. In part this may be reconciled if some of the units had
formed as composite flows. It is worth noting that identifying distinct
flows in the absence of soil horizons and sedimentary layers can
be difficult. Although the Gomera flows generally form massive
bases and vesicular tops, this feature can be misleading when used
as the sole criteria of distinguishing flow boundaries. This is well
illustrated by a historic lava from the island of La Palma erupted
in 1949, where a road cut clearly reveals that the flow consists of a
complex series of alternating massive and vesicular horizons; on a

weathered hillslope, this might be interpreted as representing several
flows.

This, however, seems unlikely given that the thicknesses of tran-
sitional flows are very similar to the thicknesses of the reverse flows
that, based on the chemical analyses and rock-magnetic and palaeo-
magnetic parameters, appear to be distinct flows. In any case, the
potential complexity of individual flow structure, and the inherently
episodic nature of volcanism warrant one to be cautious when in-
terpreting volcanic stratigraphy and inferring the temporal history
of field behaviour from lavas.

C O N C L U S I O N S

We have studied a 9.7 Myr polarity reversal or excursion from the
island of Gomera, Spain and recovered a partial record of the event.
Paleointensity results indicate that transitional directions are as-
sociated with low paleointensities and that paleointensity recov-
ers after VGPs restore to near the spin-axis. High paleointensities
observed in flows following the transition suggests that the post-
transitional field is characterized by a strong dipole field. 40Ar/39Ar
ages from samples spanning the measured section indicated that the
flows were erupted over a time interval shorter than our analytical
precision.

The sampled section begins with a packet of nine transitional
flows that yield virtually identical directions and paleointensities.
The corresponding VGP cluster is located over a region in the west
central Atlantic, which according to Hoffman (1992) would cor-
responds to a local region of fastest P-wave velocity in the lower
mantle, and to a major feature of the present non-dipole field at the
Earth’s surface. An implication of this coincidence is that character-
istic time constants of the geodynamo could be related to boundary
conditions at the core–mantle interface and thus prevail over long
periods of time (i.e. 9.7 Ma to present).
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Figure 10. Plot of specimen ARM/χ and IRM/χ values versus flow number. Reverse and transitional flows are indicated. For both rock parameters, significantly
higher values and greater scatter from flow to flow are seen in the reverse flows than in the transitional flows. The uniform rock magnetic character, and similar
paleointensities (Fig. 6) and directions (Fig. 3) suggest that the flows were likely to have been deposited in rapid succession.
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Figure 11. Fe2O3 versus TiO2 from ICP-emission analyses of samples spanning the study section. Note the distinction between transitional and reverse and
flows and the hint (albeit constrained by only one point) that the reverse flows show greater variability.
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While the VGP cluster may indicate a preferred metastable state
of the reversing field, it is not clear that the field had necessar-
ily stayed in that configuration for an appreciably long period of
time. This concern arises from the fact that volcanics are often
subject to drastic changes in eruption rates that can consequently
produce apparent standstills of the field in sections that actually
represent relatively short intervals of time (days to hundreds of
years).

We have attempted to address this problem by applying chemical
and rock magnetic measurements to characterize the flow miner-
alogy and to resolve flow-to-flow mineralogic variations within a
section of lavas. Similar characteristics from flow-to-flow can be
used to infer similar sources and hence to suggest relatively short
timespans between eruptions. This information can be critical, as
shown here for the case of the Gomera section, in assessing whether
VGP clusters are likely to represent long standstills of the reversing
field. We find that the VGP cluster in the Gomera record is most
likely to be due to rapidly extruded lavas, thus stressing the need
to address this question for other records displaying similar VGP
clusters (e.g. Brown et al. 1994).

The fact that the results from rock-magnetic and chemical re-
sults agree suggests that very simple, quick and inexpensive rock-
magnetic tests may be sufficient to distinguish the character of flows
and identify anomalies in eruptive rates through a section.
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