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Abstract
High-resolution records of the upper Olduvai geomagnetic field reversal were obtained from two localities within steeply
dipping lacustrine sediments of the Confidence Hills, southern Death Valley, California . The difference in bedding attitude
between the two localities allowed us to perform a fold test of both transitional and non-transitional paleomagnetic directions.
This is the first positive fold test obtained for transitional directions from any geomagnetic field reversal. In addition,
variations in lithology allowed a comparison of transitional records from different sedimentary environments. Alternating-field
and thermal demagnetization reveals that most samples have either single or simple two-component magnetizations. The
low-coercivity, low-blocking temperature component is most likely held by large multidomain grains of magnetite, and aligns
with the present-day field when uncorrected for bedding orientation. The high-coercivity component is held pr imarily by
single -and pseudo-single -domain titanomagnetite, as determined from standard magnetic studies and electron microscopy.
This component is interpreted as a primary magnetic signature based on the presence of stratigraphically bound reversals in the
tilt-corrected data and positive reversal tests. Short-term field variations can be correlated between the two records, and
differences are readily explained by the recording process inherent to the two sedimentary environments. The sampling site is
located within one of the "preferred" bands of transitional virtual geomagnetic poles (VGP's) [1-3], yet the transitional VGP
paths from both localities are clustered within two primary longitudinal bands which are approximately 90° away from the
sampling site longitude: one lies over the Atlantic ocean (10°-50°W), and the other, antipodal to this (130°-170°E). These
bands are also inconsistent with eight previous studies of the upper Olduvai transition [4-9,3,10]. When all reported studies of
this reversal are examined, however, no global consistency exists. Instead, the transitional VGP's are better grouped in a
sampling site reference frame.

1. Introduction

One of the most exciting and controversial developments
in recent geomagnetic research has been the observation
that virtual geomagnetic poles (VGP's) during polarity
transitions appear confined to longitudinal bands centered
over the Americas and Australasia [1-3]. This has stirred
much debate regard-
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ing both the statistical significance of this observation
[2,11-15] and the physical mechanism responsible for it. Laj
et al. [2] claim that there may be a link between these paths
and structure near the core-mantle boundary. They point out
seismic evidence for colder regions in the lower mantle, and
models of fluid flow in the outer core which show the
region underlying these proposed paths to be ones where
N-S flow predominates. Such correlations have profound
implications. If these links turn out to be real,
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then geomagnetic phenomena in the core may eventually be
tied to mantle dynamics [16]. However, there are at least
two important issues relevant to this debate which need to
be resolved. First, Egbert noted that preferred paths could be
the result of nonuniform sampling site distribution [17].
Indeed, many of the sites with detailed records of Pliocene
and Pleistocene reversals tend to be located in Europe and
the West Pacific, roughly 90° away from the proposed
longitudinal bands. Second, and more fundamental, is
whether or not the studies which are used for these
compilations have provided accurate records of transitional
field behavior. Few of the transition studies published so far
have provided any of the classical paleomagnetic tests
which can place constraints on when the magnetizations
were acquired.
A recent investigation into the relationship between the
anisotropy of anhysteretic remanence (AAR) and
paleomagnetic remanence implied that these sediments may
not accurately record magnetic field directions during
periods of low field intensity [18]. While the classical
paleomagnetic tests performed in the study presented here
do not directly address anisotropy issues, they place
important constraints on such data and may be crucial to
their interpretation. In this paper, we present multiple
records of the upper Olduvai reversal obtained from these
sediments which agree across a distance of 1.6 km, despite
folding and changes in sedimentary environments.

2. Geologic setting
2.1. Tectonic setting
The Confidence Hills are located in southern Death
Valley, California along the eastern flank of the Owlshead
Mountains (Fig. 1). Death Valley is in the southwestern part
of the Basin and Range geological province of North
America, an area of late Cenozoic extension. The deep
central segment of Death Valley is interpreted to be a
pull-apart structure developed as a result of tension between
segments of the right-lateral Death Valley and Furnace
Creek fault zones [19].
An asymmetrical anticlinorium forms the bulk of the
Confidence Hills, the axis of which runs nearly parallel to
the western strand of the southern Death Valley fault zone.
The Pliocene to early Pleistocene sedimentary rocks
exposed there have been folded and uplifted as much as
200 m above the valley floor [20,21]. Bedding is well
preserved with dips ranging from approximately 20° to
slightly overturned.

2.2. Rocks of the Confidence Hills
The sedimentary rocks sampled for this study belong to
a fine-grained part of the Funeral Formation in southern
Death Valley, California [22,20], and are within the
proposed Confidence Hills Formation [23]. These rocks are
dominated by fine-grained

Fig. 1. Location map of sampling sites within the Confidence Hills in southern Death Valley. Partially adapted from geologic
map of Wright and Troxel [20].
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siliciclastic sediment and bedded gypsum/anhydrite
deposited in marginal subenvironments of a saline lake [23].
There are no fossils present in these sediments, and no
indicators of bioturbation or chemical alteration. Active
erosional channels which cut nearly perpendicular to the
bedding strike provide fresh outcrop in which to examine
the stratigraphic sequence and collect relatively unweathered
samples. We concentrated our efforts on two major
erosional channels 1.6 km apart, informally named Death
March Canyon and Confusion Canyon (Fig. 1).
Each section is bounded by the western strand of the
southern Death Valley fault at its base, and an angular
unconformity at the top. The measured sections begin
above the most severe disruption near the fault zone. The
only stratum that can be visually correlated between the two
sections is a 40-cm-thick grey ash layer, located at 90 m in
Confusion Canyon and at 144 m in Death March Canyon.
This ash layer has been chemically fingerprinted as the
Huckleberry Ridge ash [24], and provides a key time
constraint for the determination of specific polarity
reversals in these sections. The Huckleberry Ridge tuff has
been dated at 2.057 ± 0.008 Ma using the single -crystal
40
Ar/ 39Ar method [25].
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preted to have been deposited on a sandflat, marginal to a
saline lake, supplied by a fringing alluvial fan [23]. This is a
depositional environment in which floodwaters disperse as
unchanneled sheetfloods across a flat sand plain. Individual
beds are probably deposited in single events. The presence
of mudcracks indicate that in some instances subaerial
exposure occurred between events. Bedding attitude in the
transition zone is S74°E/82°SW(overturned).
2.4. Sedimentology of the upper Olduvai internal in Death
March Canyon
In Death March Canyon, the upper Olduvai transition is
recorded in banded anhydrite, which is composed of
very-thin-to thin-bedded (from a few millimeters to several
centimeters) anhydrite interbedded with siltstone and some
fine-grained sandstone. Bedding geometry is sheet-like,
without crosslamination. Bedding thickness ranges from a
few millimeters to approximately 10 cm, with the majority
being less than 5 cm. The siliciclastic layers contain
essentially the same mineralogy as the rocks in Confusion
Canyon, with smaller grain sizes. These sediments are
interpreted to have been deposited in a saline mudflat
marginal to a saline lake [23]. This indicates a more
continuous depositional regime than the upper Olduvai
interval in Confusion Canyon. Bedding attitude in the
transition zone is N64°W /45°NE.

2.3. Sedimentology of the upper Olduvai internal in
Confusion Canyon

In Confusion Canyon, the upper Olduvai transition is
recorded in fine-to medium-grained, well-sorted sandstone
with some thin, clay-rich layers. Bedding geometry is
sheet-like, without cross-lamination. Bedding thicknesses
range from a few centimeters to approximately 10 cm, with
the majority being 5-10 cm. Thin-section examination
reveals that the rocks are primarily composed of angular to
sub-angular grains of quartz, feldspar, and opaque minerals
with no signs of weathering. These grains were probably
eroded from the nearby Mesozoic granitic rocks of the
Owlshead Mountains (Fig. 1). Using X-ray diffraction,
Beratan et al. [23] found that the dominant clay-size
minerals are plagioclase feldspar (approximately An-67),
quartz, and mica, with minor amounts of smectite. This is
consistent with deposition in an arid environment, where
physical weathering is greatly dominant over chemical
weathering. The sediments in this interval are inter-

2.5. Deposition rates
An average sedimentation rate was determined for the
Olduvai subchron (1.95-1.79 Ma, [26]) in each canyon from
magnetostratigraphy alone, and this is 28.4 cm/kyr in
Confusion Canyon, and 33.1 cm/kyr in Death March
Canyon, without any evidence for significant hiatuses. As
will be shown later in detail, we were able to match
short-term field variations in the two records and estimate
the relative deposition rates between the two canyons for the
interval spanning the upper Olduvai reversal. This method
shows that during this interval, the average deposition rate
in Death March Canyon was approximately 54% higher than
that in Confusion Canyon, consistent with the sedimentary
environment interpretations of Beratan et al. [23].
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3. Methods
3.1 Sampling
Samples were collected with a gasoline-powered drill
using air-cooled, diamond-tipped, 25 mm diam-

eter coring bits. Sample orientation was determined using a
brass orienting sleeve and a magnetic compass. A sun
compass was determined to be unnecessary. Broken
samples were repaired in the laboratory using alumina
cement, and most samples were trimmed to a maximum
length of 22 mm.

Fig. 2. Sample demagnetization. Orthogonal projections of declination onto the horizontal plane (solid squares) and
inclination onto the vertical plane (open squares) for typical two-component samples of (a) normal, (b) reversed, and (c-e)
intermediate polarities.
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3.2. Measurements
Paleomagnetic directions
Measurements were made using a computer controlled,
magnetically shielded SQUID magnetometer with a
background noise level of 5 x 10-12 Am2 located within a
magnetically shielded room. All samples were subjected to
both static three-axis alternating field (AF) and thermal
demagnetization. AF demagnetization was performed first
on all samples, usually up to a maximum of 10 mT in 1.25
mT steps. Thermal demagnetization was then used, from
100°C to 400°C in 50° steps, and then from 425°C to a
maximum of 625°C in 25° steps. Multiple magnetization
components were isolated using least-squares principal
component analysis [27]. Due to the steep dip of bedding in
these sections, a present-day overprint is easily distinguished
from both normal and reversed primary magnetic directions.
Rock magnetic measurements
Rock magnetic studies were undertaken in order to
constrain the mineralogy and morphology of the magnetic
components of these rocks. Small portions (approximately
0.05 g) of samples throughout the transition zones were
disaggregated, placed in a 1 ml plastic epindorph tube and
seale d. Experiments included (1) an acquisition of
anhysteritic remanent magnetism (ARM) in a 100 mT
alternating field, with progressively stronger background
biasing fields between 0 and 2 mT as done by Cisowski
[28], (2) the progressive AF demagnetization of the ARM
after the 2 mT ARM acquisition, (3) the progressive AF
demagnetization of a 100 mT isothermal remanent
magnetization (IRM), and (4) IRM acquisitions in pulsed
fields up to 800 mT.
Magnetic material was extracted from two samples
within each of the transition zones and two outside of each
transition zone for direct analysis. Extraction was
accomplished by gentle disaggregation, dissolution in weak
acetic acid, and magnetic separation. Analysis techniques
included imaging by scanning electron microscope (SEM)
with energy dispersive spectral (EDS) analyses and by
transmission electron microscope (TEM) with spot
diffraction analyses.
Magnetic susceptibility of all samples was measured
using a Bartington M.S.2 susceptibility meter before,
during, and after heating.
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Paleointensity measurements
Anhysteritic remanent magnetization (ARM) was
induced in samples across the upper Olduvai transition
after demagnetization in order to normalize the intensity of
the primary magnetic component. The samples were
subjected to a 50 µT biasing field with an alternating field
of 80 mT peak. Relative paleointensity was estimated by
normalizing the primary magnetization component by the
induced ARM. This was preferred over susceptibility
normalization because the carrier of the ARM is more
likely to be the same as the carrier of the primary
remanence direction [29].

4. Results
4.1. Demagnetization
The intensity of the NRM for these samples was on the
order of 10 -1 A/m. Progressive demagnetization, as
described above, allowed us to resolve multi-

Fig. 3. Overprint directions. Equal area projections of overprints
from all samples which exhibited two-component magnetizations.
Closed circles and PLF (present local field) represent lower
hemisphere projections. Bingham statistics show that the overprint is
distributed near the present-day field direction for this location. (D =
declination east of north; I = inclination, positive downward; k =
precision parameter; N =number of samples.) As discussed in the
text, this overprint is removed after AF demagnetization to 10 mT
and thermal dernganetization to 250°C, and is therefore interpreted
as a viscous remanent magnetization (VRM) held by multidomain
magnetite and/or maghemite.
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ple components of magnetization. For the vast majority of
the samples, there were two clear components -- a primary
magnetization and a present-day field overprint (Fig. 2). A
few samples (some reversed-polarity samples in the upper
part of the Death March Canyon section) exhibited
single -component primary magnetizations (Fig. 2c), without
any apparent overprint. The magnetization of some samples
became essentially zero or random at approximately
525°-550°C, and heating was discontinued when this
condition was reached.
The overprint, which is a low coercivity, low blocking
temperature
component,
is
removed
by
AF
demagnetization at 10 mT and thermal demagnetization at
250°C. An equal area plot showing the direction of the
low-coercivity component from all samples (normal,
reverse, and transitional) showing two components is
shown in Fig. 3. The mean direction calculated from
Bingham statistics [30] is very close

to the present-day field for this locality, so this component
is interpreted as being a viscous remanent magnetization
(VRM). The demagnetization characteristics of this
component indicate that it is held primarily by multi-domain
magnetite grains and partially by goethite and/or
maghemite.
In Fig. 4, a typical sample's magnetization versus
demag step is plotted. It is apparent that there is little
overlap between the coercivity spectra of the two
components of magnetization. The plot shows that the
overprint component is not affecting the primary
magnetization after the 250°C thermal step, and there is no
consistent component in the direction orthogonal to the
primary and overprint directions.
4.2. Rock magnetism
Fig. 5 shows a coercivity spectrum with results of the
ARM Lowrie -Fuller test [31] measured from a typical

Fig. 4. Sample magnetization versus demag step. The ratio of J/Jo is plotted separately for each component, as a function of
demagnetization step: (a) the overprint, (b) the primary direction, and (c) a calculated component in the direction orthogonal to
these two components. Erratic behavior in the orthogonal component indicates a lack of overlap between the overprint and
primary directions. The removal of the overprint direction by the 250°C thermal step is apparent, as is the small amount of
overlap between the coercivities of the two components. The shaded boxes represent the derivative of the J/Jo line, indicating
the coercivity/blocking temperature spectrum for that component.
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sample. For the IRM acquisition data, roughly 95% of the
intensity is acquired after exposure to peak fields of less
than 300 mT. This is indicative of magnetite with a small
portion of higher coercivity material, such as hematite. The
positive Lowrie -Fuller test (demag of ARM > demag of
IRM) indicates that the primary magnetic carrier is
relatively
fine-grained
material
(single -or
pseudo-single -domain size).
The results of direct SEM and TEM analyses indicate
that titanomagnetite constitutes the magnetic fraction
responsible for holding the stable primary remanence. One
fraction consists of single -to pseudo-single -domain sized
grains [32], ranging from 50 nm to 3 µm in size. These are
either equant or slightly elongate prismatic grains, or clearly
equant octahedral titanomagnetite crystals (with Ti/Fe ratio
of approximately 0.25, from EDS analysis). Another
fraction consists of tabular magnetite and titanomagnetite
grains which are approximately 30-100 µm across. This
larger size fraction is clearly multi-domain [32], and is
probably the primary carrier of the magnetically soft
overprint. In support of this conclusion, none of these large
magnetic grains were found in extracts from reversely
magnetized samples above the Olduvai subchron in Death
March Canyon which exhibited no overprint.
There was no detectable correlation of magnetic
susceptibility with stratigraphic position. Susceptibility
changes due to heating were less than 10%, without any
consistent pattern. This indicates that there were no
significant changes in mineralogy during heating. In
samples which exhibited erratic behavior above
approximately 525-550°C, some minor new magnetic
phases may have formed during heating at higher levels but
the primary remanence directions were well established by
this level.
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4.4. Non-transitional directions (fold and reversal tests)
Two critical tests of the primary directions were
performed on these sedimentary rocks -- a reversal test and a
fold test. Fig. 7 shows non-transitional data from each
section plotted on equal-area diagrams. Non-transitional data
were restricted to time-equivalent strata from each section
(163-260 m in Death March Canyon, and 102-195 m in
Confusion Canyon, excluding the transitional intervals
defined below). The reversal test compares the mean
directions of the normally and reversely magnetized strata,
in order to test for antiparallel field orientations. The
formulation of McFadden and McElhinny [34] was used to
characterize this test. Both sections pass the common
distribution test; therefore, the null hypothesis that the
directions are antiparallel cannot be rejected at the 90%
confidence level. For the analytical test, with one mean
reversed through the origin, Death March Canyon's means
have an observed angular difference of 2.98° and a
calculated critical angle (95% confidence) of 7.51°. For
Confusion Canyon, the observed angular difference is 1.43°
with a critical angle of 5.85°. Thus, both sections also pass
the analytical test, with a "B" quality classification [34].

4.3. Magnetostratigraphy
Plots showing the overall magnetostratigraphy from both
canyons are shown in Fig. 6 correlated with the
Geomagnetic Polarity Time Scale (GPTS) adapted from
Harland et al. [33] with the astronomically calibrated ages
of Hilgen [26]. The Reunion event is found in the lower part
of each section, and the entire Olduvai subchron is recorded
above the Huckleberry Ridge ash.

Fig. 5. IRM/ARM acquisition and demagnetization. A typical
coercivity distribution for a sample from Confusion Canyon.
Samples from throughout the section exhibit similar patterns, as do
all tested samples from Death March Canyon. Data for the IRM
acquisition and AF demagnetization of the IRM are shown with
open circles. The open circles show the AF demagnetization of the
of the ARM acquired in a 2 mT direct current biasing field with a
100 mT (max) alternating field.
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The fold test compares primary directions from each
section before and after tilt-correction to determine if the
remanence was acquired before structural folding of the
strata. This was implemented by comparing the same
non-transitional directions as used in the reversal test (Fig.
7). Before tilt-correction, the means from each canyon are
distinctly different.

After tilt-correction, the means are statistically indistinguishable, according to the method of Fisher [35]. This
verifies that the sediments in both sections acquired their
remanence before tilting of the strata.
The positive results from these two stability tests, along
with the fact that stratigraphically bound polarity reversals
are contained within the sections, show

Fig. 6. Magnetostratigraphy. VGP latitude as a function of stratigraphic position for both sections, compared with the
Geomagnetic Polarity Timescale (GPTS), adapted from Harland et al. [33], with ages from Hilgen [26]. The location of the
Huckleberry Ridge ash ( - 2.057 Ma, [25]) is shown for reference.
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that these directions were acquired by the sediments
at or soon after deposition. Since there are no significant changes in lithology or structure across the

Geographic
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transition zone in either canyon, it follows that the
sediments deposited during the transit ion should also
pass the fold test, assuming that they had the ability

Tilt-Corrected

Fig. 7. Non-transitional data, reversal tests, and fold test. Equal area plots of the non-transitional directions from both
canyons-closed circles represent lower hemisphere projections, open circles represent upper hemisphere projections. Both
sections pass the reversal tests of McFadden and McElhinny [34], and the fold test as discussed in the text. (D = declination
east of north; I =inclination, positive downward; k = precision parameter; N = number of samples.)
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to record ambient magnetic field directions during the
period of reduced field intensity. The actual changes in field
direction are used to qualitatively assess the agreement of
the two records within the transition zone, as discussed
below.
The expected geocentric axial dipole inclination for the
latitude of the Confidence Hills is 55.3°. The mean
non-transitional inclination from both sections is
approximately 44° ± 6° for normally magnetized

strata and -47° ± 4° for reversely magnetized strata (Fig. 7).
Due to the uncertainties in the expected inclination due to
the non-dipole inclination anomaly [36] and the error bars
on the mean inclination, we can only estimate inclination
shallowing due to compaction to be in the range 0-15°.
Therefore, the exact effect on transitional directions due to
any inclination shallowing is unknown. On the other hand,
even if the maximum amount is chosen there is

Fig. 8. Transitional data. Declination, inclination, VGP latitude, and relative intensity (TT250/ARM) plotted as a function of
stratigraphic position across the upper Olduvai transition, for (a) Confusion Canyon, and (b) Death March Canyon. The
intervals used in each canyon were selected in order to match the obvious central feature, which is most clearly seen in the
declination record and appears to be an aborted reversal. The Death March Canyon stratigraphic interval is 54% longer for the
overall transition, implying that the average sedimentation rate there during this interval was 54% higher than in Confusion
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not a significant change in the major results of this study.

4.5. Transitional data
Detailed plots of declination, inclination, virtual
geomagnetic pole (VGP) latitude, and relative pale ointensity through the upper Olduvai transition zone are
plotted in Fig. 8 as a function of stratigraphic level.
These intervals were defined by the broad de-
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crease in paleointensity surrounding the main part of the
reversal, and also by large fluctuations in the VGP latitude.
Short-term variations in the field directions were used to
adjust the chosen stratigraphic intervals from each canyon
in order to obtain the best match. This resulted in a 13 m
section of Death March Canyon being correlated with a 7
m section of Confusion Canyon. If this match is correct,
then Death March Canyon had a 54% higher sedimentation
rate than Confusion Canyon during this interval. Based on
these constraints and a slightly tighter
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transitional zone than shown in Fig. 8, estimates of the
duration of the upper Olduvai reversal range from
approximately 9-18 kyr.
The primary feature, an aborted reversal, is very
distinctive, so we are confident that we are not correla ting
random directions. This aborted reversal includes a fast
jump to low VGP latitudes followed by a gradual decay of
the field back to normal polarity, and then a sudden jump to
reversed polarity, followed by a brief rebound. This is very
similar to the general VGP latitude behavior during the

upper Olduvai reversal reported by Tric et al. [3] and Lee
[10]. The sudden nature of the onset and termination of this
feature could be due to rapid field behavior or to
depositional hiatuses. There is no field evidence for any
hiatus more significant than a typical bedding plane,
however, so we feel that the field must be changing at least
somewhat rapidly.
On the other hand, there are differences in the way the
two sections record the transitional data. The sandflat
depositional environment of Confusion Canyon produces a
record that shows small jumps in

(a) Confusion Canyon

(b) Death March Canyon

(c) Combined VGP's
Fig. 9. VGP paths. VGP's are calculated for the transition zone data shown in Fig. 8, and are shown here on Hammer-Aitoff projections of the
earth, centered on the sampling site meridian (116.5°W). Latitude and longitude grid spacings are 30°. Results for the individual localities are
shown for (a) Confusion Canyon, and (b) Death March Canyon. (c) The combined paths illustrate the agreement of the transitional directions
between the two locations. The sampling site location is indicated with a boxed data symbol.
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the field directions, most of which are correlatable to
directions in the more continuous deposition of the
saturated mudflat environment of Death March
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Canyon. The individual beds in Confusion Canyon
seem to record the field direction at the time of the
deposition of the bed, with "lock-in" occurring

Fig. 10. All upper Olduvai data. Previous data is from Russia [4], the middle Pacific Ocean [5], the Southern Indian Ocean [6], the North
Atlantic [7], the North Pacific [8], Hawaii (lava) [9], Italy [3], and Taiwan [10]. VGP's from all studies in addition to those from this study are
plotted together. Sampling sites are indicated by boxed data symbols for each respective study (staggered for display in order to minimize
overlap). (a) Hammer-Aitoff projection centered on 0° longitude. Latitude and longitude grid spacings are 30°. (b) The same data plotted with
sampling sites shifted to a common longitude, which is the center of the projection.
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before deposition of the next bed. Similarly, the return of
VGP latitudes to low negative values (rebound) after the
main reversal, which occurs from 227 to 227.8 m in Death
March Canyon, appears to be only partially recorded in
Confusion Canyon from 168.6 to 168.8 m.
The intensity of magnetization at the 250°C thermal step
(the point at which the overprint was entirely removed in
most samples) is shown normalized with these ARM values
across the transition in Fig. 8. The period of reduced field
intensity is longer than the time during which the field
reverses polarity. This is in agreement with other studies of
the upper Olduvai [8,3]. The most noticeable feature of
intensity during the middle of the reversal is the brief rise
which accompanies the gradual return of VGP's to high
latitudes after the aborted reversal (168.2 - 168.6 m in
Confusion Canyon; 226-226.5 m in Death March Canyon)

4.6. VGP paths
The tilt-corrected transitional VGP's from each section
are displayed on global projections in Fig. 9. The aborted
reversal produced VGP's along the path which is to the west
of the sampling site, while the full reversal occurred along
the path to the east of the sampling site. The rebound after
the main reversal, which was recorded with more detail in
Death March Canyon, also transgressed along the path east
of the sampling site. The similarity of the two records is
quite evident when the tilt-corrected data from both sections
are combined in one VGP plot (Fig. 9c).

5. Discussion
5.1. Comparison with other studies
An interesting result is that this sampling location lies
within one of the longitudinal bands "preferred" by VGP's
during reversals [1-3], whereas transitional VGP's trace out
paths which are approximately 90° away from the sampling
site longitude in either direction. We have plotted data from
all available published records [37] of the upper Olduvai in
Fig. 10a. VGP longitudes of Lee [10] were corrected

from original data. There is no clear geographic consistency
in transitional paths produced for this reversal; furthermore,
they do not particularly lie along the longitudinal band of
the Americas or the antipodal band. Also apparent in Fig.
10a is the observation that VGP longitudes resulting from
our study are distinctly different from those of other detailed
studies of the upper Olduvai.
A noteworthy similarity exists between the shifts in
VGP latitudes found in our study and those reported by
Tric et al. [3]. In both cases, there is a pronounced drop in
VGP latitudes followed by a gradual recovery which is then
followed by a sudden change in polarity with a brief
rebound.
The transitional data from most of these studies appear
to be better correlated in sampling site coordinates than in
geographical coordinates. The transitional data is plotted
with a common sampling site longitude in Fig. 10b and
comparison with Fig. 10a shows that the data is slightly
better grouped in this reference frame. The VGP paths tend
to be located approximately 90°-120° away from the
sampling site longitude for this reversal, with the notable
exception of the study by Clement and Kent [7]. It should
be noted that all of these records were obtained from
sediments except for the study by Hoffman [9], which used
volcanic rocks.

5.2. Reliability of transitional directions
Mechanisms for producing this phenomenon in
sediments have been proposed, and involve the reduction in
field intensity which accompanies reversals. The ability of
the earth's field to align elongate magnetic particles in
sediments, whether before, during, or after deposition, may
become insufficient to overcome the gravitational force on
the particle, resulting in shallow inclinations [38,15]. A
mixture of elongate and equant particles could produce the
same result through a slightly different mechanism
-remanence may be dominated by field-oriented equant
grains during normal intensity, and by gravity-oriented
elongate particles during periods of low field intensity [18].
Determining whether either of these processes are
actually occurrin g is a difficult problem, however. A
preliminary anisotropy study was performed with the goal
of addressing this issue [18]. The results indi-
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cated that remanence declinations for low-latitude VGP's
may follow the directions of the maximum horizontal axes
of the ellipsoids of anisotropy of anhysteretic remanence
(AAR) more closely than those of high-latitude VGP's. This
was interpreted to mean that during the transition when the
field intensity is low, remanence is dominated by elongated
grains aligned by forces other than the geomagnetic field,
since equant grains would be more randomly oriented.
While this is a plausible mechanism for producing VGP's
which are far from the sampling site meridian, it has
difficulty explaining the consistent behavior of the two
records. The progressive and distinctive changes in direction
during the reversal are similar in both sections, recording the
aborted reversal, the main polarity shift, and the brief
rebound. It is possible that the inclinations were severely
shallowed while the declinations remained controlled by the
magnetic field; however, this is not indicated by the
preliminary anisotropy report [18] since the conclusions
were based on declinations only. Correlations of VGP
latitude changes as seen from different sampling sites may
provide a means to assess the magnitude of a shallowing
effect. This hypothesis will be addressed in detail in a
separate paper.
In any case, we are left with the observation that both
sections in the Confidence Hills recorded similar successive
changes in the geomagnetic field during the transition. It
would be difficult to argue for a mechanism other than the
geomagnetic field which could align magnetic particles in
these two sedimentary environments 1.6 km apart.
Although one could imagine water currents similarly
aligning particles across large distances in some settings, it
is highly unlikely that water currents played any role in the
alignment of particles in the depositional environments
described by Beratan et al. [23] for the Confidence Hills
sediments.
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tern in the upper Olduvai transitional data is seen across
changes in depositional environment, lithology, and
structural tilting. VGP's lie within longitudinal bands
approximately ± 90° away from the sampling site longitude.
These bands are substantially different from those found in
other studies of the upper Olduvai transition, and do not
coincide with the so-called preferred bands of VGP
longitude [1-3].
A comparison of all upper Olduvai studies indicate a
consistency in the separation of VGP paths from sampling
site longitudes. This site dependency lends support to the
idea that paleomagnetic inclinations in sediments are
greatly shallowed during periods of low field intensity [15].
This does not require that all of these records are incorrect
or that they do not record any information about the
geomagnetic field during transitions. Our study shows that
although VGP's are 90° away from the sampling site and
that remanence declinations may follow anisotropy
declinations more closely during the transition [18], some
part of the geomagnetic field is clearly recorded by the
sediments.
In order to resolve the contradictions arising from
apparent site-dependency, potential anisotropy issues, and
traditional field tests, we need the complete array of
paleomagnetic tools and methods. Redeposition
experiments using the sediments found in these transition
zones may provide useful information about their ability to
preserve magnetic directions in the presence of weak fields.
In addition, there are other reversals recorded in these
Confidence Hills sections (Fig. 6). Comparisons of the
paleomagnetic records and magnetic fabric relationships of
these other reversals will certainly play a major role in this
effort.
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