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SUMMARY 
We present a new palaeomagnetic investigation of the two sites from the Steens 
Mountain (Oregon) volcanic record of a Miocene polarity reversal which were supposed 
to record very fast changes of the geomagnetic field or impulses (Mankinen et al. 1985; 
Prtvot et al. 1985a,b). Approximately 130 cores were first drilled from the two initial 
sites, belonging to sections A and B, in order to obtain at least one detailed and 
complete vertical sampling of each lava flow. Thermal analyses of natural remanent 
magnetization, complemented by some alternating field treatments, low-field thermo- 
magnetic curves, microscopic observations and electron probe analyses of key magnetic 
phases, lead us to somewhat different conclusions for the first and the second impulses. 
At site B (first impulse), we find that the dependence of the remanence direction on 
the sample vertical position in flow B51 does not imply a directional field change 
during flow cooling, but is better explained by a thermochemical overprinting due to 
the overlying B50 flow. However, this conclusion does not challenge the existence of 
the first impulse because this field change seems to be recorded some 25 m away in 
flow B51 (Coe & Prevot 1989), at a place where it is thick enough for this record not 
to have been erased by the baking due to B50. Regarding the second impulse, restudied 
at site A, our new findings are more comprehensively explained by a change in the 
field direction during cooling of flow A41-2 than by some overprinting. Using a simple 
model of flow cooling, the angular rate of change of the field is estimated to have been 
of the order of 2 "-3 O or 250-350 nT per day during the impulse. This figure is similar 
to that previously obtained from site D, some 250m away. However, the directional 
paths describing the field change are somewhat different at the two sites. New 
investigations are planned to try to understand the origin of this discrepancy. 

Key words: geomagnetism, palaeomagnetism, polarity reversals. 

1 INTRODUCTION 

How the geomagnetic field reverses its polarity is one of the 
most intriguing questions in geophysics. Among the large 
number of observations from volcanic and sedimentary rocks 
relating to this problem, the very fast field changes that have 
been suggested to occur twice during the Miocene R-N reversal 
(Mankinen et al. 1985; PrCvot et al. 1985a; Coe & PrCvot 
1989) recorded by the Steens Basalt (Oregon) are probably the 
most challenging observations for understanding the reversal 
process. Each of these very fast field changes, or 'impulses', is 
associated with a large directional gap (some 90 ") in the record 
and is partially recorded within a single flow. Within these 
flows, the cleaned direction of remanence is found to vary 
largely along a vertical section. In the best-documented 

example so far published (Coe & Prevot 1989), both the 
bottom and the upper parts of the flow exhibit directions close 
to that of the underlying flow (pre-gap direction) whereas the 
interior shows directions tending towards that of the overlying 
flow (post-gap direction). 

As the bottom and the upper parts of a lava flow cool faster 
than the interior, the hypothesis that the field was changing in 
direction during the flow cooling qualitatively accounts for the 
observed trend in direction. A more rigorous test has recently 
been carried out for the second impulse (Camps, PrCvot & 
Coe 1995) by combining the palaeomagnetic data with cooling- 
time estimates as obtained from a simple numerical cooling 
model of lava flows. The angular speed of field change is then 
found to be 6 " + 2 "  per day, which is similar to a more 
approximate estimate previously given for the first impulse 
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A42 

A43 

(Coe & Prevot 1989). Such a figure is large compared to the 
rate of change of the present field (Langel & Estes 1985), even 
when the difference in field magnitude is taken into account 
(Prevot et al. 1985b). For comparison, field rotations amount- 
ing to 0.5" per year have been reported for palaeosecular 
variation from the study of Eocene flows (Nyblade, Shive & 
Furlong 1987). Very high velocities, of the order of 1 km hr-', 
might be needed at the top of the liquid core to generate the 
very rapid field changes of the Steens Mountain record (Coe 
& Prevot 1989). 

On the other hand, it is obvious that the vertical distribution 
of remanence directions cannot be explained by a simple 
heating caused by the overlying post-gap flow. Also, the 
detailed rock magnetic experiments carried out on those 
'impulsive' flows (Coe & Prevot, in preparation), which are 
partially summarized in Coe, PrCvot & Camps (1995), do not 
favour an interpretation involving a remagnetization process 
such as suggested by Fuller (1989). Other alternative expla- 

___ 
Site A Profiles resampled for this study. 

A41-4 

nations (for example, multiple magmatic injections within these 
flows), either can be ruled out or do not modify the order of 
magnitude of the estimated rate of change of the field (Coe 
et al. 1995). 

However, the hypothesis of impulsive field changes poses 
several difficulties. First, their origin is still unclear. An external 
origin is difficult to reconcile with the fact that these changes 
occur between two relatively long-lived field directions which, 
because of their time constant, must be of internal origin (Coe 
& Prevot 1989). An internal origin of the fast field changes is 
dismissed by many geomagnetists because the velocity at the 
top of the core would have to be of the order of 1 km hr-' 
(Coe & Prevot 1989), which is three orders of magnitude 
larger than deduced from the present field. Also, most of the 
electrical conductivity models of the mantle would not allow 
such a rapid signal to have travelled through the entire mantle 
due to electromagnetic filtering (Gubbins & Roberts 1987). 
However, this point of view can be challenged in the light of 
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Figure 1. Sketch showing locations of sampled sections (upper left). Solid lines show locations of sections A and B of Mankinen et al. (1985). 
Solids dots denote the approximate location of the sites A, B, B and D where the flows, which have suggested the geomagnetic impulses, have 
been resampled. The first impulse is studied at site B (this study) and site B' (Coe & Prevot 1989); the second one at site A (this study and Prevot 
et al. 1985) and site D (Coe et al. 1995; Camps et al. 1995). Profiles of the lava sequence at each site are shown on the right. Shading denotes the 
unusually magnetized flows. The stratigraphic organization of the flows located at  the level of the second jump at site A is shown on a schematic 
cross-section (lower left). 
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Table 1. Pre- and post-gap directions and palaeointensities (when available) recorded at site B of the first impulse and site A of the 
second impulse. 

Impulse Flow # Thickness Cleaning n I N I D Fe f sd Ref. 

A38 22 .0  AF+Th 8 1  10 36.6 140 .0  182 4 .1  13.2 k 1.0 I .  2 
(PV a 9 5  (m) method 

znd : posi-pp directions 

Ind : pre-gup directions 

A39 
A40 

A41-3 
A41 -4 
A41-5 
A42 

11 

A43 
I1 

8 5 0  

852  
11 

BS3 
8 5 4  
8 5 5  
B 56 
B57 
858 

6 .0  
2 . 0  

1 .2  
1 . 1  

0.7 - 0.9 
3 .5  
3 . 0  
3 . 9  
3 .9  

2 . 4  

I . 0  
0 9  
1.8 
I . 0  
1.6 
3 . 0  
1 .0  

0.4 - 2.0 

AF+Th 
A F + n  

Th 
Th 
T h  
AF 
Th 

AF+Th 
Th 

AF 

AF 
T h  
AF 
AF 
AF 
AF 
AF 
AF 

9 1 9  
3 1 4  

121 12 
I51  15 
15 I15  
8 1 8  
8 1 8  
8 1 8  

20 121 

7 1 8  

4 1 6  
6 1 7  
8 1 8  
7 1 7  
5 1 6  
6 1 7  
4 1 4  
2 1 2  

38.6 
36.0 

48 .3  
45 .5  
44.1 
52 .6  
37 .4  
4 8 . 0  
47 .8  

57 .3  

32 .6  
31.9 
4 2 . 4  
29. I 
39.3 
33.1 
36 .6  
4 2 . 0  

140.8 
137.0 

274 .4  
277.5 
2 7 9 . 4  
270.5 
275.8 
278 .0  
273.8 

330.5 

146.6 
153.1 
143.6 
142.4 
143.1 
144.1 
144.9 
136.0 

199 
- 

857 
7 0  
573 
39 
7 6  
299 
7 4  

1 I 3  

319 
I17 
125 
186 
181 
312 
31 I 
- 

3.7  
- 

1.6  
4 .8  
I . 6  
8 . 9  
6 . 4  
3 . 2  
3 . 8  

5 . 7  

5 . 2  
6 . 2  
5 . 0  
4 . 4  
5 . 7  
3 .8  
5 . 2  
- 

I .  2 
I ,  2 

3 
3 
3 

1. 2 
3 
I 
3 

I 

I 

3 
1 

I .  2 
I 
1 
I 
I 

( 1 )  Mankinen et al. (1985); (2) Privot et al. (1985); (3) this study 
n / N ,  number of samples used in the analysis/total number of samples collected; I ,  inclination positive downward D, declination east 
of north; k, precision parameter; ctg5, 95 per cent confidence cone about average direction; Fe i sd, unweighted average palaeointensity 
of individual lava flow-the plus and the minus sign corresponds to the standard error. 

some recent experimental data and models concerning mantle 
conductivity (Coe et al. 1995). A second difficulty is that the 
probability for a volcanic eruption to occur simultaneously 
with such a rapid field change (estimated to have lasted for 
two weeks or so) is very small, unless such jumps occur very 
frequently during reversals (Coe et al. 1995). Given the present 
state of this debate, we re-examined the initial sites from the 
study in which the hypothesis of very fast field changes was 
proposed, and report here the results of this new investigation. 

2 GEOLOGY AND SAMPLING 

The magnetic study of the lava flows suspected to have 
recorded fast field changes was carried out in three steps. The 
initial analyses (Mankinen et al. 1985; PrCvot et al. 1985a,b) 
relate to flows belonging to the Steens Mountain A and B 
sections (Fig. l), sampled in 1977 and 1981. A second set of 
studies deals with two sites laterally distinct from the initial 
sites (which will be called simply site A and site B in the 
present paper). The two additional sites, sampled in 1985, are 
site B' (Coe & Prevot 1989) located 25 m south of site B, and 
site D (Coe et at. 1995; Camps et a!. 1995) located 250 m north 
of site A (Fig. 1) .  We present here also a new study of sites A 
and B, which were resampled in 1985. 

The first and second geomagnetic impulses were initially 
described from flows B51 (along section B )  and A41 (section A) 
respectively. In contrast to the initial 1977 and 1981 samplings, 
the 1985 sampling was very detailed along several vertical 
sections. Flow B51 was vertically resampled at site B, where it 
is approximately 90 cm thick, and sampled at site B', where it 
thickens to reach 190 cm (Coe & Prevot 1989). Flow B52 was 
also sampled at site B, where it is about 95 cm thick, but this 
sampling was somewhat incomplete because of drilling prob- 

lems. A total of 22 cores were drilled. These two flows are 
massive and rich in phenocrysts. They exhibit subhorizontal 
obvious bottom and top contacts and are laterally continuous 
from B to B'. However, flow B51 must pinch out somewhere 
between site B and site A, which is 1.5 km north of B, because 
the pre- and post-gap directions are found there in two 
consecutive flows directly in contact with each other. At sites 
B and B', the post-gap direction is recorded by the overlying 
massive aphyric flow B50, which is 2.3 m thick and had been 
sampled in 1981 (Mankinen et al. 1985). 

The resampling of the second impulse at site A revealed that 
up to five units (labelled A41-1 to A41-5), some of them 
pinching out only a few metres away from the two drilled 
sections (Fig. l), can be recognized between A42 (which pro- 
vides the pre-gap direction, as we will show below) and the 
overlying A40 flow which records the post-gap direction 
(Mankinen et al. 1985). Units A41 are thin (their composite 
thickness is 4.0 m) and constitute altogether a typical com- 
pound lava flow (Walker 1970). They probably correspond to 
a single volcanic eruption, possibly having lasted between 
some hours and a few months (G. P. Walker, private communi- 
cation). These units are aphyric, vesicular near the bottom and 
top, and their surface is typical of pahoehoe flows. Each of 
them shows a simple structure, with no indication of late 
magmatic injections (G. P. Walker, private communication). 
Altogether, 49 cores were sampled in these units along two 
sections a few metres apart (Fig. 1). The pre-gap flow A42, 
which is 3.0m thick, is massive and aphyric. It was also 
sampled (38 cores) over its entire thickness (Fig. l), with the 
exception of the lowermost 30cm. The lowermost flow we 
resampled in 1985 is the aphyric flow A43, which is 4.3 m 
thick. Twenty-one cores were drilled in the upper 3 m  of 
this flow. 
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(a) Flow#B52 
239 (51 cm / 94 cm) 

(b) Flow#B52 
242 (27 cm / 94 cm) 
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P 

0 200 400 608°C 

(C) Flow # B52 
244 (8 cm / 94 cm) 

~!I 1 0 

a 
P 

0 200 400 600°C 

E UD 'T;c 300 

Figure 2. Thermal demagnetization of NRM (left column, O),  room-temperature susceptibility versus heating temperature (left column, B), 
orthogonal diagrams of progressive thermal demagnetization of NRM (middle column) and vector differences shown on an equal-area projection 
(right column) for samples from (a) the top, (b) the middle and (c) the bottom of flow B52. The core number should, for example, be read 85P239 
instead of 239 (the same rule has been used for all figures). The core number is followed (within brackets) by the distance of the core from the lava 
flow bottom contact and the flow thickness. Units of the variation of NRM intensity and susceptibility are AmZ kg-' and m3 kg-', respectively. 
On the orthogonal diagrams, filled circles correspond to the projection onto the vertical plane while open symbols are projection onto the 
horizontal plane. On the equal-area projection, filled and open circles represent positive and negative inclinations, respectively. Great circles 
containing the before (B52), and after (B50) jump directions (measured by Mankinen et al. 1985) and normal axial dipole field direction (0) are 
drawn. Labelled numbers by the dots increase with the heating temperature. 

The three flows overlying A41, sampled in 1977, are highly 
porphyritic and yield the same direction of remanence corre- 
sponding to directional group 21 (Mankinen et al. 1985). A 
baked aeolian deposit, 1-2cm thick, lies between flows A40 
and A39. A similar aeolian deposit is probably also present at 
the A40/A41 boundary. At site A, this contact is hidden by 

rubble but, a few hundred metres away, both north and south 
of the present site, a distinctive aeolian deposit 2-5 cm thick 
could be observed. Thus, some time elapsed between the 
emplacement of each of these three flows. Furthermore, the 
palaeointensity found from flows A38 and A37 (Prevot et al. 
1985b) is significantly higher than for the underlying flows, 
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(a) Flow#B51 
224 (81 cm / 89 cm) 
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Figure 3. Thermal demagnetization of NRM (left column, O),  room-temperature susceptibility versus heating temperature (left column, m). 
orthogonal diagrams of progressive thermal demagnetization of NRM (middle column) and vector differences shown on an equal-area projection 
(right column) for samples from (a) the top, (b) the middle and (c) the bottom of flow B51. Same representation as in Fig. 2. 

which suggests another eruptive gap before A38 was emplaced. 
Thus, flows A40, A39 and A38 did not cool simultaneously. 
The thicknesses of the overlying flows are 2 m (A40), 6 m 
(A39) and 22 m (A38), with large variations in the relative 
thickness of the first two units from place to place. 

time interval during which magnetization was blocked. Thus, 
under the hypotheses that the primary remanence is a TRM 
and that blocking and unblocking temperatures are the same, 
the progressively changing direction of the palaeofield can be 
determined from the vector differences between successive 
thermal demagnetization steps. To achieve a good precision, 

3 EXPERIMENTAL PROCEDURES we used 14-17 cleaning steps for each specimen, with tempera- 
ture intervals sometimes as small as 15 "C. The oven, manufac- 

If a rapid change in the direction of the field occurs during 
the cooling of a lava flow, the thermoremanent magnetization 
(TRM) acquired is the sum of partial TRMs (PTRMs), each 
of them recording a specific field direction depending on the 

tured by Pyrox, is non-inductive and is located in a field-free 
space (residual magnetic flux density less than 20 nT). The 
temperature at the centre of the specimen is known with 
a f  5 "C precision. Note that to eliminate short time-constant 
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Flow # B52 
(all samples 6 I 7 )  

Flow # B51 
(all samples 15 / 15) 
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Figure 4. Equal-area projection of directions of vector differences 
calculated for different temperature intervals for all samples from flows 
B52 (left column) and B51 (right column). On this figure the cores 
have been given numbers 1 to 15, starting from the base of the flow 
and increasing upwards. The numbering starts from 1 and increases 
upward. Filled and open circles represent positive and negative incli- 
nations respectively. Other directions as in Fig. 2. 

Before Jump Direction 
(Flow # B52) 

After Jump Direction 
(Flow # B50) 

I I 

*'O I I I 

* 1.5 -1 2 
a $ 1  b 

3 1.0 A , 

I t--. 300-400°C I 
l rn -= 400-500'C I S  E v 

Angular Deviation (degrees) from 852 towards B50 

Figure 5. Angular deviation of remanence calculated for different 
unblocking-temperature intervals for samples from flows B52 and B51 
as a function of their height above the base of flow B52. Each 
palaeodirection is projected on to the great circle containing the pre- 
and post-jump directions, the angular deviation being measured along 
this great circle from the pre-jump direction towards the post-jump 
direction. Open symbols correspond to samples that were collected a 
few centimetres away from the main vertical section of sampling. 

VRM (viscous remanent magnetization), the specimens had 
been stored in a field-free space for at least three weeks before 
thermal demagnetization was undertaken. In order to minimize 
magneto-chemical changes, each temperature step was main- 
tained for 15 min only. To try to detect such changes, low field 
susceptibility was measured at room temperature after each 
heating step. 

Precise measurements of remanence were obtained using a 
CTF cryogenic magnetometer with an application code which 
permitted plotting of magnetization changes in real time 
(LevEque 1992). This facility proved to be extremely useful 
because the remanence of a few specimens became very unstable 
after demagnetization at temperatures higher than 400 "C, with 
relative changes amounting to 25 per cent over 50 min in the 
worst case. This instability is probably due to spurious mag- 
netizations acquired in the laboratory field during the transfer 
of the specimen from the oven into the magnetometer. For 
most specimens, however, this change was less than 5 per cent. 
All the measurements were recorded only after stabilization of 
remanence in the cryogenic magnetometer, which sometimes 
required waiting for a few tens of minutes. 

4 DESCRIPTION O F  THE FIRST 
DIRECTIONAL GAP 

Let us recall first that the pre-gap field direction was certainly 
constant for a long time, as it is recorded by seven consecutive 
flows (B52 to B58), some aphyric and others porphyric, 
constituting directional group 31 (Mankinen et al. 1985). Flow 
B54 provided a very small field paiaeointensity, equal to 
5.8k2.8 pT (Prtvot et al. 1985b). In contrast, a single flow 
(B50) records the post-gap direction (Table 1). 

0 1995 RAS, GJI 123,484-506 

 at IST
E

E
M

 /Institut des Sciences de la T
erre de l'E

au et de l'E
space de M

ont on February 19, 2013
http://gji.oxfordjournals.org/

D
ow

nloaded from
 

http://gji.oxfordjournals.org/


490 P. Camps, M .  Prtvot and R. S .  Coe 

(a) Flow # A43: 67 (341 cm / 430 em) 
N UP 
0. N UP 

NRM 

J o  719 cx 

Dn N 
1. 

J o  719 cx 

Dn N 
1. 

(b) Flow # A43: 72 (302 cm / 430 em) 
N UP N UP 

0. 
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50 
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Figure 6. Flow A43. Orthogonal diagrams of progressive thermal (left column) and alternating field (right column) demagnetization of NRM. 
Same symbols as in Fig. 2. 

The present sampling of flows B52 and B51 consisted of 
rather short cores due to drilling problems in the field. Only 
directional magnetic studies could be carried out with the 
available material. The results from thermal analyses are shown 
for a few representative specimens (Figs 2 and 3), using 
orthogonal plots and an equal-area azimuthal projection, and 
for all specimens in each flow (Fig. 4), as a sequence of 
azimuthal projections corresponding to successive temperature 
intervals. Moreover, following the representation of Coe & 
PrCvot (1989), Fig. 5 shows for both flows the angular pro- 
gression of the direction of the difference vectors for successive 
temperature intervals for each core, measured from the under- 
lying (B53) flow direction towards the overlying (B50) flow 

direction, and plotted as a function of the core height above 
the base of B52. 

4.1 FlowB52 

To a first approximation, the directions of remanence are 
similar, in each temperature interval, regardless of the vertical 
position of the core in the flow. In particular, the high- 
temperature directions are well clustered (Fig. 4) with a pre- 
cisely defined average which agrees with the previous estimate 
obtained from AF demagnetization of the 1977 collection and 
is only slightly different from the direction of the underlying 
B53 lava flow (Table 1). The 500"C-T, directions are not 
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2 3 1  

Flow # A43 
All samples (20 / 21) 

150 - 400" C 400 - TC 

Y 

180 

\ 

Figure 7. Equal-area projection of the two components of magnetization found in flow A43 (same diagrams as in Fig. 4). The pre-jump direction 
(flow A43) and the post-jump directions (flows A40,39,38) measured by Mankinen et al. (1985) are represented. 

2oo- x 

Flow # A43 
73 (287 I430 cm) 

1501 x 

80 (I89 I430 cm) 
0- 0- 0 4  . . . .  , , , , , , , ,  P 

0 200 400 600°C 0 200 400 6OOOC 0 200 400 6OOOC 

Z AJx  1 Oe-4 
3q 

Flow # A43: 

o ~ 7 1 5 / 4 3 0 c m )  . , .- t 
0 200 400 600" 

2 2 T l  
'B 1 \ 

C 0 200 400 600' C 

Z AJx 1 Oe-4 

4h 

Flow#A43 
80 (189 / 430 cm) 

0 
0 200 400 600°C 

Figure 8. Thermal dependence of weak field magnetic susceptibility x under vacuum and sum of partial remanence intensities for three samples 
from flow A43. Heating and cooling curves are indicated by arrows. Note the presence of three main magnetic phases in this flow, with Curie 
points close to 370, 580 and 630 "C. 

significantly dependent upon the core height (Figs 4 and 5). 
They constitute the latest record of the pre-gap field direction. 

In the lowest temperature interval (20-150 "C), quite a large 
remanence is destroyed, especially near the flow centre (Fig. 2 ) ,  
with directions close to those of both the axial dipole field and 
the direction of the post-gap flow B50, which barely differ 
from each other (Fig. 4). Measurements of the viscosity index 
v (Thellier & Thellier 1944) indicate that the 15-day VRM 
increases steadily from the flow bottom (v = 5 per cent) towards 
the flow centre (u= 13 per cent), which nicely parallels the 
increase of the low-Tcomponent. For subaerial lava flows, it 
has been found that the Brunhes VRM is, on average, three 
times larger than the two-week VRM (Prkvot 1975). When 
combined with the values found for u, this figure provides for 

each sample a magnitude estimate for the Brunhes VRM which 
is quite close to the magnitude of the low-Tcomponents. Thus, 
this component corresponds very probably to a viscous over- 
print acquired in the recent field. We suggest that the change 
in direction of the difference vectors as T increases (Fig. 4) 
basically reflects the progressive decrease of the in situ VRM. 
Given the importance of VRM in these specimens, the small 
change in direction with height seen for the 300-400°C tem- 
perature interval (Fig. 5) has probably no significance in terms 
of the direction of the non-viscous remanence. 

There is some evidence that the difference vectors for inter- 
mediate temperatures deviate slightly but significantly from 
the great circle joining the high-temperature pre-gap direction 
to the dipole field direction (Fig. 5). This second-order obser- 
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Figure 10. Thermal demagnetization of NRM of flow A42: (a) diagrams as in Fig. 2; (b) diagrams as in Fig. 7. In this flow, only one magnetization 
component, corresponding to the pre-jump direction, is found. 

vation is difficult to explain. A small westward-movement of 
the field during the lava flow cooling is a possibility, but this is 
not verifiable given the weakness of observational constraints. 

4.2 FlowB51 

For most of the 15 cores drilled, with the noticeable exception 
of the four lowermost ones (within 25cm of the bottom 
contact), the directions of the difference vectors are generally 
similar, for each core, in the various temperature intervals 
(Figs 3 and 4). However, the magnetic directions change 
progressively, and almost linearly, with the vertical position of 
each core within the flow (Fig. 5), moving approximately along 
the great circle between the pre- and post-gap directions 
(Fig. 4). The angular distance from the pre-gap direction 
recorded in B52 varies approximately from 50 at 25 cm from 
the lower contact to 100" at the flow top, which corresponds 
to a direction close to that of the overlying flow, although 
exceeding it by some 15 O,  as already observed at site B (Coe 
& Prtvot 1989). 

The two cores drilled at 14 and 25 cm from the flow bottom 
exhibit a fairly constant direction of difference vectors up to 
450 "C, a behaviour similar to that just reported for the cores 

higher in the flow. Beyond this temperature, however, the 
direction moves to a south-west declination (Fig. 3c), which 
presents some analogy with the movement of the 300-400°C 
component towards such declinations observed in flow B52. 
The two lowermost cores (labelled 1 and 2 in Fig, 4), collected 
some 5cm apart from each other, both at 6cm from the 
bottom contact, show a very progressive and large (some 90" 
in total) displacement of the direction of difference vectors 
along the great circle mentioned above (Fig. 3d). The direction, 
almost vertical at low ?; moves continuously towards the 
pre-gap direction as temperature increases. 

The significance of the trends in direction observed for the 
four lowermost cores is as unclear as for flow B52, and this 
for the very same reasons: the viscosity is not negligible (u 
varies from 7 to 11 per cent) and the recent field direction is 
close to the post-gap direction. Thus it is difficult to know if 
these changes in direction have some origin other than recent 
viscous overprinting. 

4.3 Summary of main observations 

Our main observations relative to the first directional gap can 
be summarized as follows. 
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Figure 9. Reflected light microphotographs from lava flows A43 (core 85P071) and A41-3 (core 85P118). (a) A43, oil immersion, crossed nicols, 
dimensions 54 x 36 pm. Ilmenite intergrowths in titanomagnetite of the trellis type with some anhedral ilmenite inclusions. (b) A43, oil immersion, 
crossed nicols, dimensions 54 x 36 pm. Oxidized titanomagnetite-ilmenite intergrowth showing residual ilmenite (light grey), residual (titano)magnet- 
ite (medium grey) containing spinel iamellae (black), blebs of exsolved pseudobrookite (heavy grey), and titanohaematite (white). (c) A43, oil 
immersion, crossed nicols, dimensions 54 x 36 pm. A completely pseudomorphosed grain of titanomagnetite showing an assemblage of pseudobrook- 
ite (heavy grey) and titanohaematite (white), probably as a result of a very rapid oxidation of original titanomagnetite (Haggerty 1976). (d) A43, 
in air, dimensions 130 x 90 pm. Secondary magnetic minerals resulting from high-temperature oxidation of olivine (grey mottled areas) forming a 
composite mantle of magnesioferrite (medium grey) and titanohaematite (white). (e) A43, in air, dimensions 130 x 90 pm. Secondary minerals 
(magnesioferrite and titanohaematite) crystallized in proximity of olivine (near lower left corner). ( f )  A41-3, in air, dimensions 330 x 220 pm. 
Cruciform titanomagnetite crystals (near middle of flow). 
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Figure 9. (Continued.) 
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Figure 11. Thermal dependence of weak field magnetic susceptibility 
mineralogy of these flows is dominated by high Curie temperature phases ( x  580°C). 

for some specimens from lava flow units A41-1 to A41-5. 

(1 )  The lower half of flow B52 (the only part of the flow 
sampled) shows no clear evidence of a dependence of the 
direction of remanence on the vertical position of the core 
within the flow. The thermal dependence of magnetization 
direction may simply reflect the progressive destruction of the 
large Brunhes VRM. The high-temperature direction of reman- 
ence can be interpreted as the latest record of the pre-gap 
field direction. 

(2) In the upper 70 cm of flow B51, the direction of reman- 
ence is basically temperature-independent. In contrast, the 
direction is dependent on the core vertical position in the flow. 
When moving downwards, the direction changes progressively 
from the post-gap field direction, observed near the flow top, 
toward an intermediate direction some 50 ' from the pre-gap 
direction. For the cores closer to the flow base, the direction 
of magnetization is temperature-dependent. 

5 DESCRIPTION OF THE SECOND 
DIRECTIONAL GAP 
According to Mankinen et al. (1985), the pre-gap direction is 
recorded by four flows (A46 to A43), and the post-gap direction 

The magnetic 

by the flows A40 to A38, the latter having been briefly described 
above. In the present study, the thermal analysis of remanence 
was carried out in a similar fashion as for the first gap and 
the results are illustrated using the same modes of represen- 
tation. As more material was available for the second gap than 
for the first one, we were able to carry out additional investi- 
gations aimed at identifying the remanence carriers of some 
critical flows. These investigations include microscopic obser- 
vations of polished thin sections, electron microprobe analyses 
using a CAMEBAX probe, and thermal dependence of mag- 
netic susceptibility measured using a Bartington bridge with a 
furnace allowing small rock fragments (approximately 2 g) to 
be heated under vacuum. 

5.1 Pre-gap flows A43 and A42 

5.1.1 Flow A43 

Although the viscosity index u is extremely small (mostly 
between 1 and 2 per cent), and thus the Brunhes VRM 
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Figure 12. Thermal demagnetization of NRM for samples from flow 
A41-5 to A41-3. Same diagrams as in Fig. 2. 

similarly negligible, almost all of the 21 cores from flow A43 
carry a low-T low-coercivity remanence whose direction is 
sometimes very different from that found at high temperature 
(Figs 6 and 7). Almost all the specimens yield orthogonal 
demagnetization plots showing two distinct successive compo- 
nents defined by straight lines with an unusually sharp junction 
between them (Fig. 6c). We are dealing here with two compo- 
nents with the exceptional characteristic that both the unblock- 
ing temperature distributions and the unblocking field 
distributions of each magnetization component do not overlap. 
Because this anomalous behaviour could have provided us 
with some clues for some alternative, rock-magnetic interpret- 
ation of the palaeomagnetic observations relative to the overly- 

ing 'impulsive' flows A41-1 and A41-2 (see below), we decided 
to investigate the origin of the low-T low-coercivity 
component. 

The high-temperature component, systematically defined 
from 400°C to the Curie temperature, has the same direction 
throughout the flow thickness (Fig. 7). The average direction, 
which is not significantly different from that determined by 
AF demagnetization of the 1977 sampling of flow A43 
(Table l), corresponds to the pre-gap field direction, also 
recorded by three underlying flows (Mankinen et al. 1985). 
This component is evidently of primary origin. 

The low-temperature component is characterized by an 
upper limit of the unblocking temperature interval equal to 
400 "C, which is observed throughout the flow thickness. 
Similarly, the unblocking AF field range does not exceed 4 mT. 
Thus, this magnetization might be an IRM. This was verified 
by subjecting three specimens previously AF demagnetized to 
increasing dc fields. We found that a laboratory IRM having 
the same magnitude as that of the low-T low-coercivity 
component could be imparted to our specimens using dc fields 
between 2 and 4mT. The destructive AF of these laboratory 
IRMs was found to vary between 2 and 5 mT, which agrees 
quite well with the coercivity of the low-Tcomponent. 

Thermal variation of susceptibility under vacuum ( ;I-T 
curves) shows that, in agreement with the characteristics of 
the thermal demagnetization curves of NRM, a magnetic 
phase with an average Curie point close to 375 "C (determined 
by the method of Prevot et al. 1983) is present (Fig. 8). The 
decrease in susceptibility is rather abrupt, which indicates a 
magnetic carrier with a well-defined chemical composition. 
The sharpness of the angular changes on orthogonal diagrams 
(Fig. 6) is another expression of this chemical homogeneity. 
Such a Curie point could correspond to either some spinel or 
rhombohedra1 phase. Microscopic observations of polished 
thin sections from the central part of the flow and electron 
microprobe analyses of oxides showed that the magnetic 
minerals have two distinct origins. The first assemblage results 
from high-temperature oxidation of the originally high- 
titanium titanomagnetite phase which crystallized as rather 
large (up to 150pm) euhedral grains. The less-oxidized 
crystals consist of ilmenite-titanomagnetite intergrowths of 
the trellis type (Haggerty 1976), and sometimes of the 
sandwich type too (Fig. 9a). In more-oxidized crystals, 
pseudobrookite (Pb,,) and ilmenohaematite (Hem,,) solid 
solutions develop at the expense of ilmenite and titano- 
magnetite (Fig. 9b) and ultimately constitute Pb,,-Hem,, 
intergrowths (Fig. 9c). Electron microprobe analyses show 
that the Hem,, phases vary from almost pure haematite to 
titanohaematite with up to 20 per cent FeTi03 and that the 
Pb,, phases correspond to fairly equal proportions of FezTiO, 
and FeTizOS. The latter phases have been reported to 
crystallize above 600 "C (Lindsley 1965). 

The second assemblage derives from high-temperature 
oxidation of olivine (Haggerty & Baker 1967), and crystallized 
at the margins of this silicate (Fig. 9d) or in its proximity 
(Fig. 9e). According to electron microprobe analyses, the 
oxides formed are titanohaematite and spinel varying in 
composition from magnesian magnetite to magnesioferrite. 
The core of the olivine is dark with the exception of fine 
sympletic crystals which might be magnetite (Haggerty 1976). 
This kind of oxidation of olivine, accompanied by the 
transformation of titanomagnetite into an Hem,,-Pb,, 
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Flow # A41-5 Flow # A41-4 Flow # A41-3 
(All samples 15 / 15) (All samples 14 / 15) (All samples 12 I 12) 

Figure 13. Equal-area projection of directions of vector differences calculated for different temperature intervals for all samples from flows A41-5, 
A41-4 and A41-3. Same diagrams as in Fig. 4. Dashed line represents the 95 per cent confidence cone about the average direction. Note that the 
evolution of the magnetization direction observed in these three flows requires at least three components (see text). 

intergrowth, occurs above 600 "C according to both petrologic 
considerations (Haggerty 1976) and experimental data (Hoye 
& OReilly 1973). 

Combining all these data, we conclude that three main 
magnetic phases are present in flow A43. Microchemical 
analyses indicate the presence of magnesioferrite, whose Curie 
temperature is close to 370°C (Hoye & OReilly 1973). The 
p T  curves show that this phase is more important in the 
central part of the flow where the low-coercivity IRM is 
particularly large (Fig. 8). Undoubtedly, magnesioferrite car- 
ries this IRM with unblocking temperatures lower than 400 "C. 
The thermal demagnetization curves of NRM (Fig. 8) suggest 
that the primary thermoremanent magnetization is carried by 
pure magnetite, probably mainly derived from olivine oxi- 
dation. As shown by Fig. 8, titanohaematite is a negligible 
magnetic carrier in terms of remanence, even though it is not 
so in terms of susceptibility: the phase with a Curie temperature 

close to 630 "C, which is particularly noticeable for specimens 
85P071 and 85P080, can be attributed to a titanohaematite 
yFeTi03, (1-y)Fe,O,. According to Nagata & Akimoto (1956), 
this Curie temperature corresponds to y = 0.05, which is 
compatible with the range of y values obtained from 
microchemical analyses. 

5.1.2 Flow A42 

This flow exhibits an ideally simple palaeomagnetic behaviour 
over its entire thickness. Orthogonal plots of thermal demag- 
netization are perfectly linear (Fig. 10a). There is no secondary 
component, thus no VRM. The directions of remanence do 
not show any trend with the vertical position of the core. They 
are well clustered (Fig. lob) and provide an average in agree- 
ment with the previous determination for this flow (Table 1) 
and the four underlying ones (Mankinen et al. 1985). 
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Thermal treatment 
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(b) Flow#A41-2 
88 (10 cm / 103 cm) 
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Figure 14. (a) Thermal and (b) AF demagnetization of NRM (left, El), room temperature susceptibility versus heating temperature (left, m), 
orthogonal diagrams of progressive demagnetization of NRM (middle) and vector differences shown on an equal-area projection (right) for one 
sample from the bottom of flow A41-2. Same diagrams as in Fig. 2. A single magnetization throughout the thermal treatment beyond 300°C and 
the AF treatment beyond 30 mT corresponding to the pre-jump direction is observed. 

5.2 Flow units A41-5 to A41-1 

The X-Tcurves (Fig. 11) indicate that the magnetic mineralogy 
of these flows is dominated by high Curie temperature phases. 
Highly oxidized olivine crystals are observed in thin sections 
(J. M. Dautria, private communication), which suggests that 
these near-magnetite phases have the same origin as described 
for flow A43. These phases could not be identified more 
precisely because they are too small to be subjected to micro- 
chemical analyses. In contrast to flow A43, magnesioferrite, if 
present, does not represent a significant proportion of the 
magnetic minerals, since it does not show up on the X-Tcurves 
(Fig. 11). Most of the titanomagnetite crystals show a feathery 
dentritic habit, even in the very central part of flow (Fig. 9f), 
which is characteristic of rapidly cooled magmas (Peck, Wright 
& Moore 1966; Kirkpatrick 1975). A similar magnetic miner- 
alogy was observed in the stratigraphically equivalent thin 
flows D41 from site D, where rock-magnetic data suggest that 
magnetic carriers have a near single-domain size (Coe & 
Prevot, in preparation). 

5.2.1 Flows A41-5 to A41-3 

In all these three units, the main component of magnetization, 
which represents at least 80 per cent of the NRM and is 

observed from at least 400°C to the Curie point (Fig. l l ) ,  
has the same direction (Fig. 12), corresponding again to the 
pre-gap field (Table 1). The relative magnitude of the low- 
temperature component tends to increase from A41-5 to 
A41-3, although it remains small. As a result, the direction of 
these components is difficult to determine precisely. However, 
a significant trend is observed for each flow. The lowest 
temperature component (20-150 "C) is the same for all three 
flows. The direction cluster being relatively close to the 
direction of the axial dipole field (Fig. 13), this component 
has all the characteristics of a recent VRM. One would expect 
therefore that the difference vectors corresponding to the 
intermediate-temperature ranges 150-300 "C and 300-400 "C 
lie on the great circle between the pre-gap and the dipole 
directions, which is not the case (Fig. 13). Thus a third 
component is present in many of the specimens (see Hoffman 
& Day 1978), with some exceptions such as the two cores 
from the bottom of flow A41-5. There is little hope of 
determining the true direction of this third component, which 
is small and is moreover flanked by two other components 
whose unblocking temperature intervals may well partly 
overlap with that of the intervening component. However, 
the (scattered) directions for the 150-300°C interval (Fig. 13) 
suggest for all three flows the existence of a component 
directed eastward to south-eastward of the pre-gap direction. 
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Flow # A41-2 

2 : 150 - 300" 
3 : 300 - 400" 

6 : 525 - 550" 
7 : 550 - TC W &%O E 86 (43 cm / 103 cm) 

Thermal treatment 2mi 1 . 2  vl 

0 
0 200 400 600°C 

Flow # A41-2 
86 (43 cm / 103 cm) 

A.F. treatment 

0" 20 ' 40 60 ~ 80 

300 

P 

S Dn 

mT 

1 : NRM - 20 mT 3 : 30 - 50 mT 
2 : 20 - 30mT 4 : 50 - Orig 

Figure 15. Sample from the middle of flow A41-2. Same diagrams as in Fig. 14. Note the continuous change in direction as the heating temperature 
or the AF is increased. 

As we shall see below, such directions are also documented 
in the overlying flows. 

5.2.2 Flows A41-2 and A41-1 

Thermal and AF analyses of NRM revealed a more complex 
directional pattern, the directions being generally dependent 
on both the unblocking temperature (and field) and the vertical 
position of the core within the flow. Table 2 lists for each 
sample the direction for each temperature interval in which a 
significantly distinct remanence direction is observed. 

For flow A41-2, the cores collected just above the bottom 
contact show a simple behaviour which can be explained by 
the presence of only two remanent components, easily dis- 
tinguished by thermal treatment (Fig. 14a). The first compo- 
nent has unblocking temperatures ranging up to 350 "C and 
its direction is close to that of the dipole field. It is less 
selectively destroyed by AF (Fig. 14b). These characteristics 
suggest a Brunhes VRM. The second (and main) component 
shows the pre-gap direction and corresponds therefore to the 
primary TRM. For the specimens drilled higher in the flow 
(Figs 15 and 16), the direction of the difference vectors changes 
progressively with temperature from a low-Tdirection close to 
that of the present dipole field towards the pre-gap field 
direction at high-7: However, the intermediate-temperature 

directions do not lie on the great circle joining these two 
directions but instead approach the post-gap direction. A F  
demagnetization provides somewhat similar data, which indi- 
cates that the directional trend observed is real and is not an 
artefact due to magneto-mineralogical changes during heating. 
AF treatment is, however, much less efficient in unveiling 
distinct directions-an observation which favours a thermal 
origin of the magnetization components. As we will discuss 
below, the directions of these components are not only tem- 
perature-dependent for a given core, but also, for any given 
temperature interval, they depend on the vertical position of 
the core (Fig. 19). 

In flow A41-1, two different kinds of behaviour are observed, 
depending on the vertical position of the core. The specimens 
collected within approximately 40 cm from the flow bottom 
(Figs 17b and c) behave qualitatively as observed for flow 
A41-2, although the direction of the intermediate difference 
vectors can sometimes come closer to the post-gap field 
direction (Table 2) .  For the cores higher in the flow, the change 
in direction with temperature is much simpler (Fig. 17a). After 
a VRM, well identified between room temperature and 150°C 
(Fig. 18) over the entire flow thickness, is destroyed, the 
remanent direction remains approximately constant at higher 
temperature intervals. However, this direction is dependent on 
the vertical position of the core. The angular distance from 
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the pre-gap direction increases as the top of the flow is 
approached (Fig. 19), the top two samples being magnetized 
approximately along the post-gap field direction (Fig. 18). 

5.3 Summary of main observations 

We can summarize as follows our main observations 
concerning the second directional gap as observed at site A. 

(1) Flows A43 and A42 record only the pre-gap field 
direction. 

(2)  Flows A41-5 to A41-3 also record the pre-gap field 
direction; however, many samples carry in addition a weak 
remanence, unblocked at low temperatures ( 1  50-300 "C), 
which approaches the direction of some of the magnetization 
components found in the overlying flows. 

(3) Flow A41-2 is characterized by a quite regular and 
unusual variation of partial remanent directions with tempera- 
ture and vertical position of the rock sample within the flow. 
This unusual behaviour makes this flow an obvious candidate 
for having recorded a field change in direction during its 
cooling. 

(4) The upper 1.0 m of flow A41-1 behaves as observed for 
the upper part of flow B51: the magnetization direction is 
basically constant with temperature but varies regularly with 
the distance from the top contact. The top exhibits a post-gap 

N UP 
0. 

(a) Flow # A41-2 

,PI 84 (90 cm / 103 cm) 

W5$$$580E 
Thermal treatment 

(b) Flow # A41-2 

84 (90 cm / 103 cm) 

A.F. treatment 

1.- 
0 

NRM 
S Dn 

20 40 60 80mT 

direction, then the direction turns progressively up to 30 O 
towards the pre-gap direction when moving downwards. In 
contrast, the cores drilled closer to the base behave qualitatively 
as those from flow A41-2. 

6 DISCUSSION 

The previously reported detailed studies of the first and second 
directional gaps, respectively at sites B' (Coe & Prevot 1989) 
and D (Camps et al. 1995; Coe et al. 1995), assume the 
occurrence of two processes: 

(1) a thermochemical remagnetization of the upper part of 
the flow directly underlying the (first) post-gap flow@); the 
remagnetized layer would have been some 80 cm thick in flow 
B51 at site B' (Coe & PrCvot 1989) and between 1.5 and 2 m 
at site D (Coe & Prevot, in preparation); 

(2)  a fast field change mainly recorded either in the same 
flow (B51 for the first jump at site B') or in the underlying 
one (D41 for the second jump at site D). 

A third process, a purely thermal or thermoviscous overprint- 
ing, was discarded as highly improbable (Coe et al. 1995; Coe 
& Prevot, in preparation). We will examine below the extent 
to which each of these mechanisms can account for the 
observations reported here. 

2 : 150 - 300" 6 : 450 - 525" 
3 : 300 - 350" 
4 : 350 - 400" 

7 : 525 - 550' 
8 : 550 - Tc 

1 : NRM - 20 rnT 
2 : 20 - 30 mT 
3 : 30 - 50 mT 
4 : 50 -75  mT 

5 : 75 - Orig 

Figure 16. Sample from the top of flow A41-2. Same diagrams as in Fig. 14. Same observation as in Fig. 15. The magnetization direction is 
temperature-/AF-dependent. 
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Flow # A41-1 N UP 

135 (153 cm / 155 cm) 

Thermal treatment 

0 200 400 600°C 

(b) Flow # A41-1 
6 (37 cm / 155 cm) 

Thermal treatment :R[; Wt 

0 200 400 600°C 

(c) Flow # A41-1 
8 (I3 cm / 155 cm) 

Thermal treatment 

v 

0 200 400 600°C 

0 0 -  

2 : 100 - 150" 
3 : 150 - 200" 

5 : 425 - Tc 
E 

t \  
N UP 
0. 

1 NRM - 150" 4 : 350 - 400' 
2 : I50 - 300" 5 : 400 - 550° 
3 : 300 ~ 350" 6 : 550 - Tc 

N UP 
1 : NRM - 150" 
2 : 150 - 300" 
3 : 300 - 350' 
4 : 350 - 450" 

5 : 450 - 500° 
6 : 500 - 525" 
7 : 525 - 550" 
8 : 550 - Tc 

1 

1.. 

400 A43 

270- 

180- S Dn 

Figure 17. Sample from (a) the top, (b) the middle and (c) the bottom of flow A41-1. Same diagrams as in Fig. 14. A continuous change in 
magnetization direction as observed in the flow A41-2 is found in the lower part of this flow (b,c). On the other hand, the sample from the top (a) 
shows an approximately constant remanent direction throughout the thermal treatment beyond 200 "C. 

6.1 Thermal or thermoviscous overprinting 

By hypothesis, we deal here with a physical process immune 
from chemical effects. The physics of this kind of overprinting 
is well known, especially for single-domain or near single- 
domain grains such as the ones present in thin flows in which 
the initially fine titanomagnetite crystals have been further 
subdivided by exsolution lamellae (see above and Coe & 
Prevot, in preparation, for detailed rock-magnetic investi- 
gations). For a similar time of exposure to a given temperature, 
blocking and unblocking temperatures are the same (Ntel 
1955; Bol'shakov & Shcherbakova 1979; Dunlop & Ozdemir 

1993) and the influence of time can be calculated from Neel's 
theory. 

The value of baking temperature induced by a specific lava 
flow in nature is somewhat uncertain. The reference thermal 
model of Jaeger ( 1967) provides temperature estimates in the 
substratum which have been found to be much too high 
compared to the baking temperatures deduced from palaeo- 
magnetic data (Audunsson & Levi 1988). An absence of any 
significant baking zone has even been reported for flows as 
thick as 100m (Nyblade et a/. 1987). Such palaeomagnetic 
observations seem to require a mode of volcanic emplacement 
with basal breccias representing the broken crust which has 
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Flow # A41-2 Flow # A41-1 
(all samples 7 / 7) (all samples 9 / 9) 

Figure 18. Equal-area projection of directions of vector differences 
calculated for different temperature intervals for all samples from flows 
A41-2 (left) and A41-1 (right). Same diagrams as in Fig. 4. For each 
flow, the numbering of the core starts at 1 and increases upward. 

been overturned onto the flow base in tractor-tread fashion, 
and that have subsequently been reheated by the flowing 
magma and then welded (Stasiuk, Jaupart & Sparks 1993). 

In order to examine more rigorously this possible thermo- 

viscous overprint, we calculated the theoretical temperature 
profiles (Fig. 20) induced in the A41 units by the three overlying 
post-gap lava flows, assuming, for the reasons given above 
(Section 2), that they cooled successively. The model used, 
described in Camps et al. (1995), is a conductive model 
assuming an isothermal emplacement. This model probably 
provides a maximum temperature, particularly since the baked 
flows here are supposed to be entirely massive, without any 
vesicular zones. The interesting result is that the maximum 
reheating palaeotemperature in flow A41-1 has probably been 
imposed by flow A40, while it has been imposed by flow A38 
in the underlying units. Also, the calculated reheating tempera- 
ture in flows A41-3 to A41-5 is of the order of 300°C, a 
temperature that would have been maintained for a few 
months. Taking into account the viscous effect as calculated 
by Dunlop & Ozdemir (1993), the unblocking temperature of 
this thermoviscous magnetization would have been close to 
350°C for flows A41-2 and A41-3 and hardly less for A41-4 
and A41-5. Thus, the baking due to flow A38 can account for 
the component with eastward or south-eastward declination 
detected in flows A41-2 to A41-5 in the 150-300 "C temperature 
interval. Note that a slight contamination of the 300-400 "C 
vector difference by this post-gap remagnetization is clearly 
documented in flow A41-3 (Fig. 13). A similar contamination 
has to be suspected for flow A41-2 which is at the same level 
(Fig. 1). This implies that the angular displacement of mag- 
netization direction towards the post-gap direction which is 
described in Fig. 19 is somewhat enhanced, in this temperature 
range, probably by some 10 '. 

In contrast, a thermoviscous process cannot explain the 
progressive change of remanence direction with height which 
is observed in the upper part of B51 and A41-1. Fig. 21 shows 
that a thermoviscous effect would have resulted ideally in the 
angular deviation varying in a step-like function versus vertical 
distance, the step corresponding to each temperature interval 
being progressively offset downward as the unblocking 
temperature decreases. Obviously, this is not supported by 
experimental data. 

6.2 Chemical or thermochemical overprinting 

In contrast to thermoviscous remanence, the characteristics of 
chemical remanence cannot be constrained theoretically 
because they will depend on the specific chemistry (and possibly 
even size) of the phase undergoing transformation and the 
physicochemical conditions prevailing during this process. 
Thus, the constraints for interpreting our palaeomagnetic data 
can only be empirical. While most laboratory studies of CRM 
(chemical remanent magnetization) or TCRM (thermochemical 
remanent magnetization) deal with synthetic minerals or sub- 
marine basalts, Walderhaug ( 1992) reported thermochemical 
experiments relative to subaerial basalts, including a lava flow 
whose magnetic carrier is near-magnetite, formed after oxi- 
dation-exsolution of the original Ti-rich titanomagnetite, as 
found in the A41 units. The magneto-chemical changes due to 
heating in air at 525°C under an applied field perpendicular 
to the NRM left were shown to result in a TCRM whose 
direction, fairly constant at higher temperatures, is intermediate 
between that of the NRM and the applied field. 

Our data suggest that some overprinting by the post-gap 
flow occurs in the upper part of flows B51 and A41-1, within 
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Figure 19. Angular deviation of remanence, calculated from the underlying (A43) towards the overlying flows A40-A38 direction, for different 
unblocking temperature intervals for samples from flows A41-4,3,2 and 1 as a function of their height above the base of flow A41-4. Same diagrams 
as in Fig. 5. Note the large swing in direction in flow A41-2 between the pre- and post-jump directions. 

at least 70 cm and 1 m, respectively. Near the upper contact 
of these zones, the magnetization is entirely reset along the 
post-jump direction. Remagnetization effects decrease progress- 
ively downwards and become undetectable near the lower 
limit. Similarly, the results of the previous detailed study of 
flow B51 at site B (Coe & PrCvot 1989) suggested a remag- 
netized layer of about 90 cm. A thermochemical remagnetiz- 
ation can be invoked for explaining the fact that the NRM 
directions in these zones are temperature-independent and 
intermediate between the pre- and post-gap directions. As the 
direction of magnetization in both flows is dependent on the 
distance from the upper contact (Figs 5 and 19), it would seem 
that the TCRM direction depends on the reheating tempera- 
ture. We wish to point out that the actual reheating tempera- 
tures must have been lower (by at least l0O-l5O0C) than 
indicated by the thermal modelling (Fig. 20). This is attested 

to by the fact that low-temperature directions close to that of 
the post-gap flow direction are observed only within a few 
tens of centimetres from the upper contact, both in flows B51 
and A41-1 (Figs 5 and 19). 

Calling for a thermochemical overprinting in order to explain 
the palaeomagnetic observations for flow A41-2 is difficult. 
The NRM direction in this flow is strongly dependent on 
temperature, a behaviour that is not observed with laboratory 
TCRMs except for large overprinting fields (Walderhaug 1992). 
There is no petrological evidence for hydrothermalism in the 
interior of flow A41-2, as attested by the absence of any 
alteration of plagioclase and pyroxene crystals (J. M. Dautria, 
private communication). Thus, there does not seem to be any 
reason for this overprinting process to be maximum there, 
some 2 m below the stratigraphic contact with the post- 
gap flows. 
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Figure 20. Maximum palaeotemperature profile induced in the A41, 
A42 and A43 units by the flow (1)  A40, (2) A39 and (3) A38 assuming 
that they cooled successively. The heat transfer is computed numeri- 
cally using the explicit cell balances method for a 1-D model (Shaw, 
Hamilton & Peck et al. 1977). The thick curve corresponds to the 
palaeotemperature profile corrected for the viscous effect according to 
Pullaiah et al. (1975). 

6.3 Geomagnetic field changes during flow cooling 

There is evidently no hope of recovering the original remanence 
of flow B51 which is remagnetized throughout most of its 
entire thickness (90cm). Thus, it is not surprising not to be 
able to confirm the high-temperature trend in magnetization 
direction documented 25 m to the south at site B (Coe & 
Prbvot 1989) where the thickness of this flow reaches almost 
2m. There, the diagnostic observations in favour of a field 
change during cooling found more than 1.2m below the 
BSl/B50 contact. 

At site A, flow A41-2 is similarly remote from the critical 
contact with the overlying post-gap flows. This flow yields a 
vertical trend in angular deviation measured along the great 
circle from the pre-jump towards the post-jump direction 
(Fig. 19) which is qualitatively compatible with a progressive 
change in the field direction during the flow cooling. The 
directions obtained from the cores from the middle of the flow 
being closer to the post-gap direction, we obtain a 'belly'- 
shaped profile, as previously reported for the first impulse at 
site B (Coe & Prbvot 1989) and for the second impulse at 
site D (Coe et al. 1995). Such a shape is qualitatively compatible 
with the isotherms that describe the evolving temperature 
distribution in a cooling lava flow. The similarity of the trends 
for the three temperature intervals considered and their pro- 
gressive offset with respect to each other also are compatible 
with a shift in field direction during cooling of the flow. This 
compatibility has been verified. Using the same cooling model 
as for the equivalent flow D41 at site D (Camps et al. 1995), 
we calculated the blocking times (measured from the beginning 
of flow cooling) corresponding to the unblocking temperatures 
of the complete set of remanence directions obtained from all 
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Figure 21. Angular deviation of remanence calculated for different 
unblocking temperature intervals for (a) the 6rst and (b) the second 
jump. Circles, squares and triangles correspond to the direction 
calculated in the 300-400 "C, 400-500 "C and 500-T, temperature 
intervals respectively. Open symbols correspond to the theoretical 
distribution of direction according the hypothesis of a thermal or 
thermoviscous overprint guided by the maximum temperature profile 
calculated as in Fig. 20. 

cores. This calculation assumes that blocking and unblocking 
temperatures are the same. There is a clear correlation between 
angular deviation and time, especially if, as in Fig. 22, flow 
A41-1 is supposed to have been emplaced only a few hours 
after A41-2. This latter hypothesis is compatible with the 
volcanological observations reported above (Section 2), sug- 
gesting that flows A41 all belong to the same eruptive episode. 
It is also in agreement with the observations (Section 5.2) that 
the cores from the top of flow A41-2 and the bottom of flow 
A41-1 behave somewhat similarly, both sets showing a large 
and rather similar change of remanence direction versus tem- 
perature. According to the geomagnetic change hypothesis, 
this behaviour indicates a rather slow cooling on both sides 
of the contact between these flows. This hypothesis is also 
reasonable from a volcanologic standpoint, because distinct 
pahoehoe flow boundaries like those separating each of the 
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Figure 22. Angular deviation of the directions obtained from flow 
A41-2, calculated from the underlying (A43) towards the overlying 
flows (A40-A38) direction, and plotted against the time elapsed since 
the beginning of cooling. For each sample, several data are generally 
plotted, each of them corresponding to a temperature interval in which 
the direction of the vector difference remains constant (Camps et al. 
1995). The bar indicates the cooling time interval during which each 
direction of magnetization was blocked. In this calculation, we assume 
that the flow A41-1 was emplaced just 10 hr after flow A41-2. 

flows in the sequence A41 can be observed, even with a time 
interval between emplacement of individual units as short as 
one hour (G. P. Walker, private communication). 

The correlation observed between angular deviation and 
time is an argument in favour of the geomagnetic change 
hypothesis. The rate of change of the field deduced from Fig. 22 
is 2 "-3 O per day, which is in reasonable agreement with the 
figure obtained from flow D41 at site D (6Of2" per day; 
Camps et al. 1995). Taking into account the palaeointensity 
estimates from the adjacent flows (x7 pT; see Table l), the 
corresponding change of the field vector is found to be equal 
to 250-350 nT per day. 

However, a rather puzzling disagreement exists between the 
data obtained for the second impulse at  sites A and D. As 
shown in Fig.23, the field directions move eastwards away 
from the pre-jump direction at site A while they move south- 
eastwards according to the data obtained from site D (Coe 
et al. 1995; Camps et al. 1995). Although flow A41-2 at site A 
and flow D41 at site D, 250m north, are not necessarily the 
same (the outcrop is somewhat discontinuous between these 
two sites), they are at the very same stratigraphic level: they 
both correspond to the second aphyric flow below the bottom 
of the easily followed porphyritic flow sequence exhibiting 
post-jump directions. Therefore units A41-2 and D41, even if 
distinct from each other, cannot reasonably be supposed to 
have recorded two different impulses. There is, of course, no 
reason why the geomagnetic field direction during the impulse 
should follow the great circle between the pre- and post- 
directions. But the directional path, whatever it is, has to be 
the same at both sites. Considering the geometry of the three 

270[&$ 

A40,39,38 

-, I 
I 

180 

Figure 23. Comparison of the magnetization direction measured in 
flow A41-2 (0, this study) with the direction measured in flow D41 
(0 ,  section D, see Fig. 1 and Coe et al. 1995; Camps et nl. 1995). 

field directions which can interfere (Figs 13 and 18), a system- 
atic difference in magnetic viscosity between these two sites 
seems a priori a possible explanation, the more so since the 
directions which are the farthest from the pre-jump field 
correspond in general to the lowest temperature intervals. 
However, viscosity index measurements were not found to be 
significantly larger for flow A41-2 than for flow D41 (Table 2). 
Thus, additional sampling and experiments seem necessary to 
explore the origin of this discrepancy. 

7 C O N C L U S I O N S  

This reinvestigation of the sites where the occurrence of 
geomagnetic field impulses was first suspected (Mankinen et al. 
1985; Prevot et al. 1985a, b) led us to somewhat different 
conclusions for the first and the second impulses. At site B 
(first impulse), we find that the dependence of the remanence 
direction on the sample vertical position in flow B51 does not 
imply a directional field change during flow cooling, but is 
better explained by a thermochemical overprinting due to the 
overlying B50 flow. However, this conclusion does not chal- 
lenge the existence of the first impulse because this field change 
seems to have been recorded some 25m away in flow B51 
(Coe & Prkvot 1989), at a place where this flow is thick 
enough for the record of the impulse not to have been erased 
by the baking due to B50. 

Regarding the second impulse, restudied at site A, our new 
findings are more comprehensively explained by a change in 
the field direction during cooling of flow A41-2 than by some 
overprinting. Using a simple model of flow cooling, the angular 
rate of change of the field is estimated to have been of the 
order of 2 "-3 or 250-350 nT per day during the impulse. 
This figure is similar to that obtained from site D, some 250 m 
away. However, the directional paths describing the field 
change are somewhat different at both sites. Several new sites, 
up to 2 km apart from each other, were intensively sampled 
last summer in order to investigate the significance of this 
discrepancy. 
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