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Abstract

The period some 20-25 kyr just prior to the most recent generally recognized geomagnetic field polarity transition, the
Matuyama-to-Brunhes reversal, appears to be marked by significant geomagnetic variability, manifested as pronounced
oscillations in intensity. We compare several previously published paleomagnetic records with new high resolution
paleomagnetic data obtained from five pelagic marine sites: North Atlantic DSDP Hole 609B; equatorial Atlantic ODP Hole
665A; and western equatorial Pacific ODP Holes 803B, 804C, and 805B. Using standard rock magnetic normalization for all
of the samples, as well as a Thellier/Thellier method on the sediments of Hole 804C, we consistently find a decrease in
paleointensity (DIP of [1]) approximately 15 kyr prior to the Matuyama-to-Brunhes transition in the five new records, as well
as in the previously published records. Despite sedimentation accumulation rates (SAR) that range from 11 cm/kyr to |
cm/kyr, these sequences yield paleointensity curves that are broadly similar in form, even at the lowest SARs. The intensity
of the pre-reversal low (DIP1) appears to be of the same magnitude as that of the transition itself (DIP2 of [1]). In some of
the records, a directional excursion to nearly full normal polarity accompanies DIP1 and remains after alternating field (AF)
and/or thermal demagnetization, whereas in other records the directional changes vanish with demagnetization and appear
to be caused by overprinting. A viscous remanent magnetization (VRM) contribution to NRM was identified in two of the
records and, until removed by AF or thermal demagnetization, was found to blur the ‘double-DIP’ nature of the
paleointensity profiles into an apparent single-DIP, and also resulted in an apparent, but erroneous, ‘sawtooth’-like
post-transitional sudden increase in paleointensity. After appropriate normalization, the magnitude of the post-transitional
recovery was much reduced. The magnetic directions of three of the new records after “cleaning’ and adjusting the stable
declinations to either 0 (normal) or 180 (reverse), map to VGP positions lying in the Pacific; the directional variations,
however, are far less consistent than the intensity variations. The confirmed global existence of this DIP so closely preceding
a major reversal invites questions about its relation to the reversal itself. The apparent normal character of this interval can
also present problems for magnetostratigraphical interpretations based on coarse or incomplete sampling by mimicking the
Brunhes /Matuyama reversal some 15 kyr earlier in the section than its true location.

Keywords: Brunhes Epoch; Matuyama Epoch; paleomagnetism; rock magnetic normalization; Thellier method; depositional remanent
magnetization; reversal
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1. Introduction

The ~ 780,000 year old Brunhes/Matuyama ge-
omagnetic polarity reversal, being the most recent
and often the best preserved reversal, is also one of
the most studied in paleomagnetism, serving as a
benchmark by which older reversal records are mea-
sured (for a review, see [2]). Curiously, however,
relatively little attention has been paid to the period
just prior to the reversal until recently [1,3], although
many records indicate that the geomagnetic field
experienced marked fluctuations at that time [4—10].
In this paper we investigate the period from 40 kyr
before the Brunhes/Matuyama reversal to 10 kyr
afterwards, comparing new high resolution data we
have recently obtained from five DSDP and ODP
holes with records from seven other pelagic loca-
tions. As can be seen from Fig. 1, this suite of
twelve sites is widely dispersed over the Earth’s
surface and also displays a wide range in SARs,
from 1 cm/kyr to 11 cm/kyr (Table 1).

2. Methods

Small samples of approximately 1 cm® volume
were taken at 1-3 cm intervals across the zone of
interest from cores from DSDP Leg 94 Hole 609B,
ODP Leg 108 Hole 665A and ODP Leg 130 Holes

805B, 804C, and 803B (Table 1). In addition, dupli-
cate samples were collected across the low paleoin-
tensity interval (apparent from shipboard records)
centered at approximately 15 kyr prior to the
Matuyama/Brunhes transition, in order to conduct
paired thermal and alternating field (AF) demagneti-
zation studies. The AF demagnetized samples were
subsequently used to measure anhysteretic remanent
magnetization (ARM), saturation isothermal rema-
nent magnetization (SIRM) and magnetic susceptibil-
ity (x).

All remanence measurements were made with the
2-G Enterprises superconducting cryogenic magne-
tometer housed in the low-field room of the paleo-
magnetics laboratory at Scripps Institution of
Oceanography in La Jolla, California. All specimens
were subjected to stepwise alternating field demag-
netization, except for those from Hole 804C and
selected duplicate samples from Holes 609B, 303B,
and 805B, which were subjected to stepwise thermal
demagnetization. Stepwise AF demagnetization was
performed using a Schonstedt alternating field de-
magnetizer and stepwise thermal demagnetization
was conducted using a Schonstedt thermal specimen
demagnetizer. ARM was imparted with a 0.05 mT
bias field and an 85 mT alternating field. SIRM was
imparted in an 0.6 T impulse field. Magnetic suscep-
tibility was measured on a Kappa Bridge KLY-2.02
susceptibility bridge.

0 60° 120°

240° 300° 0

Fig. 1. Site location map for the twelve cores listed in Table 1. New high resolution time series data were collected for this study from
DSDP and ODP Holes 609B, 665A, 805B, 804C and 803B. Data from the other seven sites were obtained from pre-existing studies.
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Cores from ODP Holes 803B, 804C, 805B and
665A were chosen for this study because: (1) the
shipboard magnetic measurements indicated the
presence of an apparent short duration normal polar-
ity subchron at approximately 15 kyr before the
Brunhes /Matuyama boundary; (2) these cores had
previously been only lightly sampled and thus were
relatively undisturbed; and (3) previous work on
cores from the Ontong—Java Plateau [7,11,12] indi-
cated the probable magnetic carrier to be stable,
pseudo-single domain magnetite and thus we felt that
nearby ODP holes 804C and 805B would be suitable
for paleointensity study [13,14]. DSDP Hole 609B
was included in this study out of a desire to extend
the excellent Brunhes/Matuyama transition record
obtained from Hole 609B by Clement and Kent [15]
backward in time some 25 kyr. Hole 609B’s high
latitude location and high SAR of approximately 7
cm/kyr also serve to broaden the coverage of the
database.

SARs were taken for the most part from published
estimates using an age of 780,000 yr for the Brun-
hes /Matuyama boundary [16]. The methods used to
arrive at these estimates varied from a simple calcu-

Table 1
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lation using only the depth to the B /M boundary
(664B, 665A [5]; V16-58) [17], to calculations aver-
aging Brunhes and Matuyama rates based on depths
to the B /M and the upper Jaramillo transition (609B,
606A [15]; 767B, 769A, [3]; 803B, 804C, 805B,
[18]), to methods using astronomical periodicities in
density time-series data (851D) [9].

In order to calculate virtual geomagnetic pole
(VGP) positions from these unoriented cores, a zone
of stable polarity, either reverse or normal, was
identified within each core section. The declinations
were adjusted by a constant factor such that the
resulting mean declination of the directionally stable
zone was either 0 for normal sections or 180 for
reverse cases.

Vector end-point diagrams of Brunhes samples
from these cores indicate simple demagnetization
behavior (Fig. 2a—d). Stable Matuyama specimens
exhibit small viscous overprints upon a reverse mag-
netization (Fig. 2e, 2g and 2h) or apparently single-
component reverse behavior (Fig. 2f). Many speci-
mens taken from the low-paleointensity interval some
15 kyr prior to the Brunhes/Matuyama boundary
(DIP1) [1,3] exhibit demagnetization paths that indi-

Site latitude, longitude, SAR and depth to the Brunhes /Matuyama boundary for the twelve records of this study (locations shown in Fig. 1)

Hole Lat (N} Long (E)} SAR B/M reference
(cm/kyr) depth (m)
8o4c 1.00 161.4 1.0 6.69 [18], this paper
803B 2.26 160.3 1.0 7.72 {18], this paper
vV16-58 -46.00 30.0 1.0/1.4 11.30 (1], this paper
RC10-167 33.40 150.4 2.0 14.70 {281
805B 1.14 160.32 2.0 12.65 [18], this paper
851D 2.77 245.40 2.0 13.50 [9]
6652 2.95 340.33 2.0 14.72 [51
606A 37.33 324.50 3.0 1%.80 [15])
664D 0.10 336.70 3.6 27.80 [25]
609B 49.86 335.77 7.0 48.82 {15), this paper
767B 4.78 123.50 7.0 48.82 (3]
796A 8.78 121.30 11.0 62.27 [31
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Fig. 2. Orthogonal vector diagrams depicting alternating field (AF) and thermal demagnetization behavior of selected specimens from the
four cores sampled for this study. Brunhes normal magnetization is evident in (a)-(d), whereas typical Matuyama reverse behavior can be
observed in (¢)—(h). Plots (i)—(n) depict demagnetization paths of specimens from within 2 Matuyama low-intensity zone, which we observe
in all cores approximately 15 kyr before the Matuyama-to-Brunhes transition (see text). The complex demagnetization paths of these
specimens suggest a ‘softer’ and subsequent normal overprinting of an original low intensity reverse magnetization. Dots are the projection
of the remanence vector at each step onto the horizontal plane and open squares are projections onto the vertical plane.
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cate a weak and somewhat erratic Matuyama polar-
ity, with a relatively strong (but soft) viscous over-
print (Fig. 2i-k, 2m, 2n). Principle component anal-
yses (PCA) [19] of these samples yield VGP posi-
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tions that are not fully reverse but, rather, exhibit
some ‘excursionary’ behavior. Others (e.g., Fig. 21)

suggest reasonably stable, fully normal polarity.

Plots of the ‘rock magnetic’ parameters ARM
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Fig. 2 (continued).
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Fig. 3. ARM versus y and IRM versus y for the four cores
investigated for this study.

versus y and IRM versus y for four records are
shown in Fig. 3 (Due to the stepwise thermal demag-
netization procedure used for Hole 804C specimens,
it was not possible to measure ARM and IRM for
those specimens). The desired behavior for paleoin-
tensity determinations is a linear relation between
ARM and y and IRM and x [13,14]. 803B and
805B exhibit good behavior by this measure, but
609B and 665A are clearly less than ideal. An
assessment of whether this non-ideal behavior sert-
ously compromises paleointensity determinations will
become more clear when depth is considered.

For specimens from ODP Hole 804C, we used the

Thellier / Thellier [20,21] method and compared these
results with a more standard y-normalized ChRM
(NRM demagnetized at 300°C) paleointensity
method. The Thellier/Thellier method is usually
employed to estimate absolute paleointensity from
igneous rocks containing a natural thermal remanent
magnetization (TRM), whereas our samples are sedi-
ments that carry a detrital remanent magnetism
(DRM) that is far less efficiently acquired and much
less well understood than TRM [14]. However, the
Thellier / Thellier method, should it prove successful,
could allow for a better separation of viscous over-
print components from the original DRM [22] and
may thereby lead to a more accurate overall picture
of the relative paleointensity changes across the B/M
boundary. Absolute intensity determinations are not
attempted as the relative efficiency of DRM pro-
cesses is unknown and is very likely to be dependent
on sediment types and conditions.

Fig. 4 includes Arai plots [23] from three Hole
804C samples, one each from the Brunhes, the Brun-
hes precursor (DIP1), and the Matuyama portions of
the core (for detailed discussions on Arai plots, see
[24]). Assuming that both the NRM and laboratory-
produced TRM increase linearly with increasing field
strength; that is, NRM = k,B;, and TRM =k, B,
(where B, = geomagnetic paleointensity, B; =
laboratory field intensity, and k, and k, are con-
stants representing the efficiency of DRM and TRM
acquisition, respectively), then the change in NRM
over the change in TRM in a particular unblocking
interval, ANRM,/ATRM,, should equal
k,B;/k,B,, or:

B, ANRM, /ATRM,

Graphically, this amounts to simply finding the
(negative) slope of a best-fit line (—Ay/Ax) to
arrive at a paleointensity estimate for each sample,
provided that the slope is sufficiently constant over
successive intervals to be determinable. A complicat-
ing factor comes from the influence of viscous rema-
nence (VRM), which is acquired at low temperature
over time periods not reproducible in the laboratory.
If a sample has appreciable VRM, ANRM, /ATRM,
at lower temperature intervals will be too steep.
However, as VRM can reasonably be expected to
disappear at higher temperatures, ANRM,/ATRM;
should remain relatively constant as temperature is
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increased. The influence of VRM can be seen in all
three of the plots in Fig. 4 in which the slope is
greater at lower temperatures, but decreases to a
more stable value at higher successive temperatures.

Also represented on these plots, by the L-shaped
lines and open triangles, are ‘back p-TRM checks’
whereby we monitored chemical changes in the mag-
netic carrier, induced at high temperature by compar-
ing a p-TRM acquired at a particular temperature
with a p-TRM acquired later at the same tempera-
ture, but after the sample had been subjected to
higher-temperature demagnetization (see [24]). No
change in the magnetic carrier results in a perfect
overplotting of the open triangle over the filled circle
of a particular temperature. As can be seen, only a
small discrepancy is indicated, and thus little high-
temperature chemical alteration of the magnetic car-
rier occurred as a result of the heating steps.

3. Results

Fig. 5a depicts our high resolution results for
ODP Hole 805B, which includes the
Brunhes/Matuyama boundary at 12.65 mbsf (meters
below seafloor). At an approximate SAR of 2 cm /kyr
(Table 1) this 135 cm record covers a period of
approximately 50 kyr before and 15 kyr after the
transition. We plot both the natural remanent magne-
tization (NRM) and the remanence left after the
specimen was ‘cleaned’ in a 20 mT alternating mag-
netic field, which we deduce, from principle compo-
nent analysis of the vector diagrams of Fig. 2, to be
the characteristic remanent magnetization (ChRM).
The declination of this equatorial record best marks
the reversal at 12.65 mbsf; also apparent is a direc-
tional excursion at approximately 12.95 mbsf, or
some 15 kyr before the Brunhes/Matuyama bound-
ary. This feature is strongly present in the NRM
directions but is somewhat subdued in the ChRM (as
can also be observed in Fig. 2i and 2j).

The uppermost plot in Fig. 5a is a record of the
remanent intensity (NRM and ChRM) normalized to
account for variations in magnetic carrier concentra-
tion by three different rock magnetic parameters,
ARM, IRM and x. In order to compare the different
estimates of relative intensity, we further normalized
these data by the mean of the record — hence all

a)
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Fig. 4. Arai plots [21] from Hole 804C. The y axis indicates the
NRM intensity remaining after successive thermal demagnetiza-
tion steps, the x axis indicates the intensity of the partial thermal
remanent magnetization (p-TRM) gained by subjecting the sample
to a 50 mT field at the same temperature. The negative slope of
the indicated best-fit line is used to arrive at a paleointensity
estimate (see text). Viscous remanence (VRM) produces a slope
that is greater at lower temperatures but disappears to produce a
more stable value at higher temperatures. L-shaped lines and open
triangles represent ‘back p-TRM checks’, whereby chemical
changes in the magnetic carrier produced by the high temperature
treatment are monitored by comparing p-TRM acquired at a one
temperature with a p-TRM later acquired at the same temperature,
but after the sample had been subjected to a higher temperature
demagnetization step (see text).
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fluctuations are relative to unity. This normalization
procedure, if successful, should give identical pat-
terns of relative intensity, regardless of the normal-
ization parameter. Any significant change in rock
magnetic ratios indicative of changes in magnetic
mineralogy or grain size [13,25] reveal themselves as
deviations of one curve with respect to another.
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Fig. 5 (continued).

curves). Note that DIP1 at 12.95 mbsf is approxi-
mately of the same magnitude as found at the rever-
sal at 12.65 mbsf (DIP2).

Fig. 5b similarly depicts our results for nearby
ODP hole 803B in which the Brunhes/Matuyama
boundary is most evident in the declination record at

7.72 mbsf. Associated with the reversal are fluctua-
tions in remanent directions and a DIP spanning
from 7.71 to 7.78 mbsf. Also apparent is another
DIP centered around 7.83-7.94 mbsf which, like-
wise, is accompanied by directional instabilities.
Given an SAR of approximately 1 cm/kyr (Table
1), DIP1 is centered at about 16 kyr before the
Brunhes /Matuyama polarity transition. Similar to
the 805B results, the three normalized ChRM inten-
sity curves for 803B are quite reproducible, reflect-
ing the rather constant rock magnetics across the
interval (see Fig. 3). It is noteworthy that this record,
despite its slow SAR of 1 cm/kyr, has clearly
preserved a ‘double-DIP’ paleointensity profile.

Fig. Sc displays our results for equatorial Atlantic
ODP Hole 665A. The Brunhes/Matuyama boundary
occurs at 14.72 mbsf and is most prominent in the
declination record. Some directional instability is
observable in both the declination and inclination
records centered around 15.05-15.10 mbsf, or about
16 kyr before the Brunhes/Matuyama boundary,
based on a sediment accumulation rate of 2 cm/kyr
(Table 1), but more interesting is the ChRM intensity
record, which exhibits a prominent low at this point
and bears resemblance to the intensity records of
805B and 803B. The three curves of normalized
ChRM intensity at the top of Fig. 5c are not as
consistent as those shown in Fig. 5a and b. ARM and

Fig. 5. (a) Magnetic remanence declination, inclination, intensity and normalized intensity record from equatorial Pacific ODP Hole 805B,
with the B/M transition at 12.65 mbsf. Characteristic remanent magnetization (ChRM) was obtained after 20 mT alternating field
demagnetization treatment. Normalized intensities are set to a mean of unity and superposed for comparison. The highly parallel trends of
the three intensity normalizations indicate nearly constant ratios of ARM /x, IRM/y and ARM/IRM and demonstrate the unchanging
nature of the magnetic carrier across this interval. The intensity low at 12.95 mbsf precedes the B /M transition intensity low by about 15
kyr (SAR = 2 cm /kyr) and is characterized by equally low magnetizations but only small directional changes. (b) Magnetic record for ODP
Hole 803B as for Hole 805B in (a). The B/M boundary is at 7.72 mbsf. The paleointensity low centered at 7.88 mbsf precedes the
reversal’s intensity low by about 16 kyr (given a SAR of 1 cm /Kyr) and is also accompanied by small directional changes, much as for
nearby Hole 805B. (c) Magnetic record for equatorial Atlantic Hole 665B, as for Hole 805B in (a). The B /M boundary is at 14.75 mbsf.
The paleointensity low at 15.05 mbsf precedes the reversal by 15 kyr (SAR = 2 cm/kyr), much as for the Hole 805B and 803B records.
The less parallel nature of the normalizations indicates small changes in rock magnetic properties across the interval. (d) Magnetic record for
North Atlantic DSDP Hole 609B. The portion from 42.40 to 43.00 mbsf is data from Clement and Kent [15]. The rest is from this study.
The Brunhes/Matuyama boundary is at 42.65 mbsf. The paleointensity low at 43.75 mbsf precedes the reversal by 16 kyr (SAR =7
cm /kyr), much as for the 805B, 803B, and Site 665A records. The three normalizations of ChRM, although not in very good agreement, all
yield a similar broad paleointensity record, and bear strong resemblance to those in (a) and (b). (e) Magnetic record for equatorial Pacific
Hole 804C with B /M boundary at 6.69 mbsf. The ChRM 4,/ x data were obtained from thermal demagnetization of specimens at 300°C
and normalization using x. The m, data were obtained from a Thellier /Thellier analysis (see text and above for description). Note the
remarkable agreement obtained from the two different methods and the single-DIP character of the NRM signal. Also note that the direction
changes associated with DIP1 persist despite thermal demagnetization ‘cleaning’. The paleointensity low at 6.85 mbsf precedes the reversal
by 16 kyr (SAR = 1 cm /kyn), yielding a *double-DIP’ record similar to those for Holes 805B, 803B, 665A and 609B.
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Fig. 6. (a) Paleointensity records from the twelve pelagic cores listed in Table | and whose locations are depicted in Fig. 1. All are
normalized by either ARM, IRM or x and are further normalized to their mean across the interval (scale bar at top indicates one unit of
normalized intensity) and set to a common time scale based upon SAR estimates (Table 1), Zero time is set at the Brunhes/ Matuyama
boundary, which is determined from the directional portion of the paleomagnetic data (not shown here). Note that all records indicate an
intensity low at the B /M boundary and a similar intensity low ~ 15 kyr before the boundary, as well as showing similar trends in general.
Two SARs are depicted for V16-58: the solid line, at a rate of 1.45 cm /kyr (based only on the depth to the B /M boundary); the dashed line
at the 1 cm/kyr rate preferred by [1]. (b) A superposition of the twelve separate paleointensity records depicted in (a), dramaticalty
demonstrating the congruent behavior from these twelve widely dispersed sites.
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IRM normalizations are very consistent above about
14.95 mbsf, but the record deteriorates below this,
particularly in ARM. Instead of a low at this point,
the ARM normalized curve exhibits a pronounced
high, in direct contrast to the IRM and y normaliza-
tions, both of which yield curves very much like the
three nearly parallel normalizations of Holes 805B
and 803B. Compared to Holes 805B and 803B, the
Hole 665A ChRM/x paleointensity curve also ex-
hibits a greater high at 15.35 mbsf (approx. 35 kyr
before the Brunhes/Matuyama boundary). Other in-
teresting attributes of this record include the way in
which DIP2 is masked by viscous overprinting in the
NRM record (but is revealed in the ChRM records)
and the false steep rise in paleointensity in the NRM
record at the B /M transition. Indeed, if AF demag-
netization had not been successful in removing the
viscous overprint, the record would indicate a single
‘DIP’ before but not during the B/M transition,
followed by an overly steep initial increase in post-
transition field strength. Unremoved or unremovable
viscous overprints could thus account for the initial
portion of the ‘sawtooth’ paleointensity profiles re-
ported for some recent chrons [4,9], as well the
apparent single-DIP nature of the B/M in some
records [17,26].

Our results for North Atlantic DSDP Hole 609B
are shown in Fig. 5d for the core interval 43.00-45.70
mbsf. The data shown for the adjacent interval from
42.40 to 43.00 mbsf, which contains the
Brunhes /Matuyama boundary at the 42.60 m level,
is from Clement and Kent [15)], and was AF demag-
netized at 20 mT. Given a rate of sediment accumu-
lation of 7 cm/kyr for Hole 609B (Table 1), the
prominent low intensity interval centered at 43.70
mbsf is centered about 16 kyr before the
Brunhes /Matuyama transition, much as was found
for Holes 805B, 803B and 665A. The inclination
record of the undemagnetized NRM indicates a full
normal polarity excursion at 43.70 mbsf; whereas,
after a treatment of 20 mT AF demagnetization, the
remaining inclinations have deviated far less and are
of reverse polarity. Thermal demagnetization is
equally effective (compare Fig. 2m and n) and we
thereby conclude that much of this apparent ‘normal’
is due to viscous overprinting during the Brunhes.
The three normalized intensity curves of Fig. 5d
{(ChRM/ARM only for the data of Clement and

Kent [15]) are more nearly parallel than those for
Hole 665A (Fig. 5c) but less so than those of Holes
805B and 803B.

Although some rock magnetic variation is clearly
present, the prominent double ‘DIP’ shape of the
paleointensity curve from Hole 609B is quite similar
to those of 805B, 803B and 665A.

Fig. Se depicts our results for Hole 804C in a
manner similar to Fig. 5a—d. The only difference
here is that Fig. 5e has no ARM or IRM-normalized
paleointensity estimate but, instead, substitutes our
Thellier /Thellier results (normalized to a unity
mean) and directly compares them with a more
standard y-normalized ChRM (after 300°C thermal
demagnetization). The results of the two very differ-
ent methodologies are remarkably similar, and once
again indicate a ‘double-DIP’ paleointensity profile
at the B /M boundary. Also interesting is the NRM / x
record, which, much like that of Hole 665A (Fig.
5d), indicates an incorrect single-DIP profile at the
B /M boundary, with the DIP and partial recovery
occurring well before the directional change; the
latter is largely unaffected by the VRM portion of
the NRM. Also similar to the NRM record of Hole
665A (Fig. 5d) is the overly steep post-transition rise
in apparent paleointensity due again to the VRM
contribution to NRM.

4. Discussion

It is clear from Fig. 5a—e that these five cores
display a similar record of intensity variations just
prior to and during the Brunhes/Matuyama transi-
tion, and that the deviations from ideal rock mag-
netic behavior, while affecting the amplitudes, do not
obscure the major trends in paleointensity. The vari-
ability between the different methods of normaliza-
tion gives us some idea of the uncertainty in the
relative paleointensity estimates.

We next compare our five new paleointensity
records with previously published high resolution
paleointensity records from ODP Holes 767B and
769A [3], Hole 851D [9], Hole 664D [27], DSDP
Hole 606A [15], core V16-58 [17], and core RC10-
167 [28]. In Fig. 6a all twelve paleointensity records
are plotted against time about the
Brunhes /Matuyama boundary.
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The sediment accumulation rates were calculated
as outlined previously in the ‘methods’ section. The
exact location of the Brunhes/Matuyama boundary
for each case in Fig. 6 was chosen from the direc-
tional data (not shown), not from the lowest point of
the paleointensity curve. Note that, because the vari-
ous authors have used different normalization
schemes, we have chosen to present all paleointen-
sity data normalized to the mean over the interval.
Finally, in Fig. 6b we superpose all twelve records to
demonstrate the consistent results obtained from these
combined data.

All twelve cores depicted in Fig. 6 yield a pale-
ointensity record that is similar, in spite of the great
diversity of site locations and SARs (see Table 1).
(Note that we plot the V16-58 record twice in Fig.
6a, the solid line reflects an SAR calculation based
on the total depth to the B /M boundary, the dashed
line results from a '°Be-based interpretation of Kent
and Schneider [11.) Moreover, even in cases of low
SARs such as 803B and 804C (~ 1 cm/kyr) and
RC10-167, 851D, 665A and 805B (~2 cm/kyr),
we note that the record is a reasonable facsimile of
those from much higher SARs, such as 6094, 767B
and 769A. As our analyses of the Holes 665A and
804C results indicate, the apparent smearing of the
double-DIP into a single DIP, often attributed to
smoothing in the remanence lock-in process [1], is
more likely to be due to unremoved VRM compo-
nents of the NRM.

Directional records from the ‘Brunhes precursor’
in four of the five holes we sampled are shown in
Fig. 7 in terms of VGPs (derived from PCA). VGPs
from Holes 609B (SAR =7 cm/kyr) and 805B
(SAR =2 cm/kyr) indicate brief excursionary be-
havior for the Brunhes precursor, whereas VGP posi-
tions from Hole 803B (SAR =1 cm/kyr), show a
much smaller deflection from full reverse pole posi-
tion. In direct contrast, the record from 804C depicts
two VGPs of almost normal polarity during the
Brunhes precursor, even though Sites 803B and 804C
are in close proximity to one another and share the
same SAR. Hole 665A VGPs (not shown) indicate
almost no deflection across the Brunhes precursor.
Comparison with the directional records from ODP
Holes 767B and 769A also appear to exhibit conflict-
ing results. While 769A shows excursionary behav-
ior, 767B does not [3], despite the fact that the SAR

Brunhes precursor VGP "excursions”

Core 803B = triangles
Core 805B = stars
Core 804C = circles (dotted line)
Core 609B = diamonds (dashed line)

Fig. 7. Virtual geomagnetic pole (VGP) positions obtained from
principal component analysis (PCA) of specimens from Holes
609B (¢ /dashed line), 803B (a), 805B (%), and 804C
(@ /dotted line) across the *Brunhes precursor’ low intensity zone
15 kyr before the Matuyama-to-Brunhes transition. Hole 665A
shows even less VGP deviation than 803B, essentially clustering
near the South Pole.

of these two cores are the highest available (Table
1). Thus, while the records exhibit good agreement
in terms of relative intensity variations and directions
across the entire transitional interval, the directional
records from samples within the actual DIP intervals
from different sites appear to be less reliable. The
variability in the directional record may be the work
of unremoved overprints, or perhaps the directional
changes occurred so rapidly that many records could
not track them. However, this latter hypothesis does
not square with the fact that 767B, with an SAR of 7
cm /kyr, is nearly devoid of excursionary directions
in DIP1 [3]. Furthermore, the equally high SAR
609B record may be instructive in this regard, in that
DIP1 NRM normal directions progressively disap-
pear at higher demagnetization steps (both thermal
and AF), indicating that these directions arise from
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normal overprinting and not from an authentic and
primary recording of the DIP1 field directions (see
Fig. 5d). We believe that these observations can be
generalized to indicate that, in those instances where
a DIP1 normal is present in the ChRM as well as the
NRM record, such normal directions are simply due
to unremoved or unremovable overprinting. We hy-
pothesize that the lack of coherency in DIP1 direc-
tions among otherwise high quality and concordant
records from neighboring sites, such as ODP 767B
and 769A, and the three Ontong-Java Plateau ODP
locations, 803B, 804C and 805B, is a result of the
very low geomagnetic field strength during DIPI,
which left the sediments open to severe VRM over-
printing. Small local differences in remanence acqui-
sition conditions within the sediments as the field
soon thereafter reversed itself would result in highly
variable overprinting from site to site. If, on the
other hand, these directions are in fact primary, it is
interesting to note the similarity between VGP paths
observed in the North Atlantic (609B) with those
recorded in the western equatorial Pacific (805B)
and the fact that these paths do not coincide with the
Americas or Australian tracks proposed by Clement
[29].

The anomalously low field intensity and the close
temporal proximity of the pre-transition low to the
actual Brunhes /Matuyama transition are curious as-
pects of these records and invite questions as to the
exact nature of this feature. Was it part of the
reversal itself or an unrelated event that just hap-
pened to be followed by a reversal? If field reversals
occur when field strength reaches some critically low
value, why did the field not reverse and recover
strength 15 kyr earlier than it did? These data seem
to say that a reversal is made possible when the field
strength reaches a certain critically low value, but
that the instability can recover by rebuilding to either
polarity state, an observation in accordance with
calculations [30] based on early geodynamic model-
ing [31,32]. The first breakdown recovered the ear-
lier condition of reverse polarity and relatively low
ambient field strength and was followed shortly
thereafter by a second breakdown that recovered to
the opposite polarity, but this time to a much greater
ambient field strength. Both breakdowns were per-
haps made possible because the ambient field strength
had deteriorated to such a low value that negative

fluctuations about this value brought the field to a
critical threshold state, at which point the field could
recover to either polarity. Seen in this light, one
could say that the two events are related by the low
ambient value, but otherwise are distinctly separate.

Another point that should be noted is that this
Brunhes precursor often appears in paleomagnetic
records as a normal polarity zone, as in our 609B
NRM and 804C ChRM record, as well as that of
769B [3]. In the case of cores that are poorly,
coarsely or incompletely sampled, perhaps due to
breaks in the record, disturbances, or sampling re-
strictions, it could be easy to mistake this feature for
the actual Brunhes/Matuyama boundary. Although
an error of 15 kyr would be inconsequential in most
cases, there are cases in which such an error could be
crucial, such as in investigations into magnetic lock-
in depth and the exact calibration of the marine
oxygen isotope stages to the paleomagnetic reversal
record.

5. Conclusions

1. The similarity and synchroneity of the paleointen-
sity records obtained from twelve globally dis-
persed sites argues strongly for their accuracy in
depicting a time series of the geomagnetic pale-
ointensity prior to the Brunhes/Matuyama
boundary. This ‘double-DIP’ record is typified by
two intensity lows separated in time by approxi-
mately 15 kyr. The first of these low intensity
intervals is not associated with a distinctly identi-
fiable polarity reversal, although some of the
records indicate a geomagnetic excursion. The
second low is accompanied by the long-term po-
larity reversal that defines the Matuyama-to-
Brunhes transition.

2. The ‘double-DIP’ paleointensity trend consisting
of two paleointensity lows separated by approxi-
mately 15 kyr is readily observable in all twelve
records despite a wide range in SARs. This obser-
vation does not support the conclusion of Kent
and Schneider [1] that the double-DIP will be
smoothed to a single DIP in cores where the SAR
is 1 cm/kyr or less.

3. The contributions of unremoved or unremovable
VRM to the NRM may mask the true double-DIP



134 P. Hartl, L. Tuuxe / Earth and Planetary Science Letters 138 (1996) 121135

character of the Matuyama-to-Brunhes reversal in
some cores and may very well mask the true
nature of other transitions as well. Furthermore,
comparison of the ChRM and NRM profiles of
Holes 665A and 804C support the contention of
[33] that a strong VRM contribution to NRM can
also contribute to an apparent ‘sawtooth’ paleoin-
tensity profile, which has been reported for recent
chrons [4,9].

4. The fact that DIP1 and DIP2 are preserved as
discrete phenomena even in low SAR cores sug-
gests that the magnetic lock-in depth is not as
deep as often supposed (e.g., some 16 cm half-de-
pth [1]), but much shallower, perhaps some 3-4
cm, as suggested by [34].
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