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Abstract

Detailed records of geomagnetic field behavior were produced and analyzed
from Plio/Pleistocene sedimentary rocks of Death Valley, California and from
Pleistocene/Holocene volcanic rocks of Hawaii. These records provide new
information about geomagnetic field polarity reversals, excursions, secular varia-
tion, an‘d the paleomagnetic recording process in sediments. In addition, a
magnétostratigraphic and geochronlogic study of Mio/Pliocene marine sedimen-
tary rocks in Baja California, Mexico was performed in order to provide a new

age constraint on Gulf of California rifting.

The paleomagnetic studies in Death Valley were undertaken on siltstones, sand-
stones, and evaporites exposed along the southern Death Valley fault zone in the
Confidence Hills. These rocks contain multiple records of the Réunion and
Olduvai normal-polarity subchrons (2.15 - 2.13 Ma and 1.95 - 1.79 Ma, respec-
tively) within rocks formed as a result of deposition in different subenvironments
of a saline ephemeral lake, with an average deposition rate of ~ 30 cm/kyr.
Variations in bedding attitudes between the exposed sections allow a fold test of
paleomagnetic directions. Two records of the upper Olduvai polarity reversal
were obtained which agree despite differences of lithology, depositional environ-
ment, and structural tilting. These records indicate several phases of polarity
shifts during the transition of the geomagnetic field from normal to reversed
polarity. Transitional virtual geomagnetic poles (VGP’s) lie in longitudinal bands
~ 90° away from the sampling site longitude, vastly different from VGP’s pro-
duced by studies in other locations around the world but consistent with site-
dependent trends of VGP paths observed in global data compilations. Studies of

the anisotropy of anhysteritic remanence conclude that inclination shallowing in
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sediments during periods of low ambient magnetic field intensity is a possible
cause for this site dependence of VGP paths. However, some aspect of the
transitional geomagnetic field is recorded by the sedimentary rocks of Death

Valley whether or not inclination shallowing took place.

A detailed record of the Réunion normal-polarity subchron was obtained from one
of the sections in the Confidence Hills. This record shows that the Réunion
subchron was a single normal-polarity event of ~ 20 kyr duration, which is a
significant finding due to the lack of previous data in this time interval. The pres-
ence of a lithofacies which contains disruptive anhydrite crystals dispersed
throughout the matrix creates two small gaps in the record just prior to the nor-
mal-polarity Réunion interval. Remagnetizations within this lithofacies facilitate
the interpretation of the depositional environment responsible for growth of the

disruptive evaporites.

Samples of the 1 km core produced by the Hawaii Scientific Drilling Project
(HSDP) provided the basis for a study of geomagnetic field excursions and
secular variation during the past 400 kyr at Hawaii. This core consists of over
200 lava flows erupted from Mauna Loa and Mauna Kea volcanos. In contrast to
previous hypotheses that the non-dipole field has been anomalously low in the
central Pacific region for the past few hundred kyrs, the results of this study show
that secular variation, and hence, the non-dipole field component, at Hawaii is
consistgnt with secular variation elsewhere on the globe for the past 400 kyr. In
addition, the data show evidence for a persistent axial quadrupole in the time-
averaged field. This research also resulted in the first records of geomagnetic

field excurions in the central Pacific which may be correlated with those found



elsewhere on the globe, lending support to the hypothesis that these are global

events rather than local perturbations of the geomagnetic field.

Paleomagnetic and geochronologic studies of marine sedimentary rocks in the
Santa Rosalia basin, Baja California Sur, show that despite the presence of local
copper ore deposition, primary magnetic remanence directions may be obtained
from most of the marine sandstones overlying the basement in that area. Using
preliminary magnetostratigraphy and an 40Ar/39Ar isotopic age of 6.76 + 0.45
Ma (1c) obtained for a volcanic unit interbedded with the sandstones, a correla-
tion with the geomagnetic polarity time scale was made possible, yielding an age
of 7.1 £ 0.05 Ma for the base of the marine section. This provides a new age
constraint on Gulf of Califonia rifting and may help to refine models of North

America — Pacific plate boundary interactions during the period 12 - 3.5 Ma.
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Introduction

This thesis consists of five papers, three of which are published and two of which
will be submitted shortly. The first four papers describe detailed paleomagnetic
records of geomagnetic field variations and some of the problems associated
with such records. The last paper documents an application of paleomagnetic
and geochronologic techniques to a regional tectonic problem. The research
which led to each of these papers is connected by paleomagnetism and its appli-
cations. The following summarizes the findings of this thesis, which are pre-

sented in considerable detail in the papers themselves.

Geomagnetic Field Variations.

The primary goal of this research was to obtain highly detailed records of past
variations of the Earth’s magnetic field. The Earth’s natural magnetic field at the
surface varies on time scales ranging from milliseconds to millions of years,
resulting from both internal and external sources. This work has focused on
geomagnetic variations of internal origin, presumed to be the result of
geodynamo processes in the outer core, with time scales of the order 102 - 104
years. Of course, we are only dealing with that part of the geomagnetic field
which is measurable at the surface, which presently may be represented by a

dipole field with some higher-order influences.

Since historical measurements of the geomagnetic field are available for only the
past few hundred years, information about variations on longer time scales must

be obtained from the geologic record. The geomagnetic field variations which



may be studied in the geologic record include polarity reversals, excursions (brief
swings of polarity which return to the previous state), and secular variation (here
limited to semi-periodic changes of the order 103 - 104 years). Indeed, it is from
the geologic record that reversals of geomagnetic field polarity and excursions
were djscovered. A polarity reversal is generally defined as a globally observed

180° change in the dipole field averaged over a few thousand years.

For many years people have tried to understand why the Earth’s magnetic field
reverses polarity and what happens when it does. It is hoped that the two ques-
tions are intimately related and if one could be answered then the other answer
could be deduced, but this is not yet known. The former question may be best
answered through geodynamo modeling and is perhaps even a minor question
compared to the overall geodynamo problem. However, these models do need

real constraints, and answering the latter question may provide these constraints.

Hundreds of geomagnetic polarity reversals have occurred in the Earth’s history,
but since they take place in a geologically brief period of time (of the order 108 -
104 years), details of what happens during a polarity reversal are rarely pre-
served in the geologic record. The ambient magnetic field is generally recorded
by magnetic minerals within rocks when the rocks are formed, so the ideal geo-
logic environment to record the details of paleomagnetic field variations would be
a place where rocks are formed rapidly and continuously, and are undisturbed by
secondary processes which can mask the record, such as bioturbation, chemical
alteration, or subsequent heating. In the course of this thesis research, two very
different environments which meet several of these criteria were exploited for
their paleomagnetic records of polarity reversals, excursions, and secular varia-

tion.



Another important aspect to consider for paleomagnetic records is the geo-
graphic distribution of sampling sites. Since the geomagnetic field is not every-
where uniform and does contain non-dipole components, it is imperative to obtain
records of the same variations from widely spaced localities. Otherwise, in
addition to natural ambiguities resulting from the recording process, the geo-
graphic extent of particular phenomena would be unknown. Death Valley and
Hawaii are highly suitable in this aspect, not because of the physical separation
between them (since different time periods were studied), but because the geo-
magnetic variations studied at each of these sites were previously studied at far

removed locations.
Death Valley and the upper Olduvai reversal

The Confidence Hills in southern Death Valley is a place where in the past, rapid
tectonic subsidence and a vast watershed helped to produce a sedimentary
sequence of fine-grained siltstones, sandstones, and evaporites deposited in an
ephemeral saline lake setting. As described in Paper 1, these sediments under-
went burial and compaction before being tilted and uplifted along the southern
Death Valley fault zone. Multiple stream cuts expose multiple sections of the
same geologic sequence, offering different rock lithofacies from the same time
period. This is important for determining the effect of sedimentary environment
on the‘paleomagnetic record. Furthermore, these sections are tilted to different
degrees, enabling us to perform a fold test which helps to establish the primary
nature of the magnetic remanence. The high degree of tilt (45° - 110°) makes a
present-day field overprint easy to discern from a primary magnetization. These

factors enable us to check the paleomagnetic record in multiple ways, whereas



typically it is difficult to perform even one of these tests. The fact that so many
internal tests are present in this location makes it one of the most unusual and

promising sites ever located for such a study.

Magnetostratigraphy and the correlation of a volcanic ash with the ca. 2.1 Ma
Huckleberry Ridge Ash showed that the time interval represented by the Death
Valley sedimentary rocks is approximately 2.3 Ma - 1.5 Ma. During this time, the
Earth’s geomagnetic field was dominantly of reversed polarity (the Matuyama
reversed epoch), but during the intervals 2.15 - 2.13 Ma and 1.95 - 1.79 Ma it
was normal polarity (Paper 1, Fig. 6). These two intervals are called the Réunion

and Olduvai subchrons, respectively (also known as C2r.1n and C2n).

Paper 1 of this thesis is a study of the upper Olduvai reversal (normal to reversed
polarity, 1.79 Ma). This work reports on two detailed records of the upper
Olduvai reversal, with the first-ever fold test of transitional directions from a
polarity reversal. They are obtained from the two principal exposures in the
Confidénce Hills, separated by 1.6 km and informally named Confusion Canyon
and Déath March Canyon. The sedimentary environments recording the upper
Olduvai transition are different in these sections. The siltstones and sandstones
of Confusion Canyon were deposited episodically in a sandflat setting marginal to
an ephemeral lake, while the banded anhydrites of Death March Canyon were
deposited more continuously in a wetter environment of lower energy, closer to
the center of the ephemeral lake [Beratan et al., in press]. The average sedi-
mentation rate was determined to be approximately 30 cm/kyr for both of these
sections, which is an order of magnitude higher than most deep-marine sedimen-

tary environments, from which the bulk of paleomagnetic records are obtained.



Therefore, these records represent a considerable improvement in resolution

over most available records of polarity reversals.

Features from both the Confusion Canyon and Death March Canyon records
agree quite well. They both show what appears to be an aborted reversal before
the final shift of polarity from normal to reversed, followed by a small “rebound”
before a stable reversed-polarity state is achieved. Virtual geomagnetic poles
(VGP’s) from the transition zone in both records follow paths which are fairly well
confined to longitudinal bands, indicating that the transitional field was not en-

tirely random (Paper 1, Figs. 8a and 8b).

The upper Olduvai is a reversal which has been studied relatively well, with
sampling sites in Europe, China, and now North America (this work). A simple
test is to compare transitional directions for the same reversal from widely sepa-
rated sites. If the transitional geomagnetic field is dipolar, then VGP’s from each
location should match, since by definition a VGP assumes a dipolar field geom-
etry. Furthermore, a recent analysis of many paleomagnetic records of geomag-
netic field reversals had shown that there was a predominance of transitional
VGP’s located within certain longitudinal bands, these being over the Americas
and the antipodal band [Laj et al., 1991; Valet et al., 1992]. This being the first
clear evidence for a repeating pattern in polarity reversals, it created quite a stir.
The fact that it indicated a possibly dipolar transitional field was even more star-
tling. One flaw in the data compilation, however, was that the sampling sites
were not well distributed. In fact, very few sites were actually located within the
“preferred” bands of longitude. This made the Death Valley location even more

interesting because it is located within one of these longitudinal bands.



The only other study of the upper Olduvai with resolution comparable to that of
the Death Valley section (but without the internal tests) was performed in Italy on
shallow marine sediments [Tric et al., 1991]. The latitudinal variations of the
transitional virtual geomagnetic poles (VGP’s) from that study are vaguely similar
to those from Death Valley. However, the VGP’s from Italy fell in longitudinal
bands over the Americas, while the Death Valley VGP’s were confined to longitu-
dinal bands over the Atlantic, and to a lesser degree, the antipodal band (Paper
1, Fig. 9). These are definitely not within the “preferred” bands of longitude, and
are in fact nearly 90° away. One explanation for this discrepancy is simply that
the transitional field was not dipolar during the upper Olduvai reversal. Another
observation, which warranted further investigation, is that the transitional VGP’s
from each of these sites are located in bands approximately 90° in longitude from
their respective sampling sites. In fact, all of the available data for the upper
Olduvai reversal are compared to show that their transitional VGP’s are better
grouped when the sampling sites are shifted to a common longitude than when

they are in actual geographic coordinates (Paper 1, Fig. 10).

Sediments and transitional directions

At about the same time the results of Paper 1 were being formulated, it was
noted that when all available sedimentary records of geomagnetic polarity transi-
tions were combined, there was a clear tendency for VGP’s to lie in longitudinal
bands approximately 90° away from the sampling site [Quidelleur and Valet,
1994]. This could explain the “preferred” bands of longitude since most of the
sampling sites were located about 90° away from them. Since the magnetic
inclination at a particular site is 0°, or horizontal, when the VGP is 90° away, and

there is no plausible geomagnetic field configuration which can everywhere



produce horizontal inclinations, this observation implied that something could be
causing the paleomagnetic inclinations in sediments to be drastically flattened

during a polarity reversal.

Therefore, in spite of the internal tests and the strong similarity between the two
records produced in the Confidence Hills, it was supposed that the paleomag-
netic directions during the polarity transition could possibly be affected by a
previously undetected process, and that perhaps this process could occur in

many sedimentary environments.

In order to further investigate this possibility, | collaborated with colleagues from
the Institut de Physique du Globe de Paris and this resulted in Paper 2. We
decided to test the hypothesis that inclinations could be greatly shallowed during
a polarity reversal. The theoretical basis for this hypothesis is as follows. During
periods of “normal” field intensity (i.e., not during a polarity reversal) the magnetic
remanence of a sediment is controlled primarily by equant magnetic grains within
the sediment. These are oriented or aligned by the ambient magnetic field which
dominates over the gravitational forces acting on these particles. Elongate
magnetic particles are oriented somewhat by the magnetic field and somewhat
by gravity (they lie flat). Their magnetism contributes to a minor overall inclina-
tion shallowing, usually observed in sediments but attributed to compaction.
When the geomagnetic field has a much lower intensity (an order of magnitude
less), as during a polarity reversal, the equant grains are oriented more randomly
than when the magnetic field is strong. Gravity has not changed, so its relative
importance increases. The flat-lying elongate magnetic grains contribute a
relatively greater amount to the total magnetic remanence of the sediment than

the equant grains, effectively flattening the remanent inclination.



It is very difficult to directly test for inclination shallowing in rocks which were
formed in an unknown magnetic field. Since laboratory redeposition experiments
do not re-create the environment or the time scales which sedimentary rocks
actually experience, it is desirable to measure a parameter closely related to the
inclination and compare it to the physical orientation of the elongate magnetic

grains within the rock.

In a novel experiment designed for this purpose, we compared directions of the
anisotropy of anhysteritic remanence (AAR) with paleomagnetic directions across
the upper Olduvai reversal, using samples from the two Death Valley sections.
Anhysteritic remanence is achieved by subjecting a previously demagnetized
sample to an alternating magnetic field of gradually decreasing amplitude, in the
presence of a constant biasing field. When this is performed and measured in
multiple independent directions on a sample, the AAR can be calculated. The
AAR is usually represented by an ellipsoid whose shape mimics the anisotropy of
the magnetic fraction responsible for remanence. If all magnetic grains were
equant, non-interacting, and distributed uniformly, the rock would magnetize
equally in all directions when a magnetic field is applied to it, and the AAR ellip-
soid would be a sphere. In sediments, the ellipsoid is nearly always flattened or
elongated with its minimum axis oriented perpendicular to bedding (Paper 2, Fig.
1) due to the presence of elongate magnetic grains, which generally lie flat.
Therefore, a comparison of remanence inclinations with AAR measurements
cannot be used to test the inclination-shallowing hypothesis. The comparison of
declinations could be a useful test if they are affected by the same process,

however.



The results of this experiment indicated that during the upper Olduvai polarity
reversél, the observed paleomagnetic declinations more closely follow the decli-
nations of the maximum axes of AAR than before or after the reversal (Paper 2,
Fig. 2). This suggests that the acquisition of remanence is affected by reduced
field intensities and is influenced by the sedimentary fabric during these times.
Although this is an important finding that has implications regarding the validity of
all sedimentary records of geomagnetic polarity transitions, the interpretation of
the results as presented in Paper 2 should be viewed with some caution. This
was a very limited study with a small number of samples and there are alterna-
tive interpretations to most of the results. Furthermore, the acquisition of
anhysteretic remanence is quite different from a depositional or post-depositional
remanence acquired purely through the physical rotation of magnetic particles. It
was nevertheless a useful study to describe the technique and should be fol-
lowed by a more extensive set of experiments designed to thoroughly test the

hypothesis of inclination shallowing.

Although inclination shallowing may have some effect on the paleomagnetic
record of the upper Olduvai reversal in Death Valley, it is clear from our study that
at least some portion of the transitional geomagnetic field is preserved. We know
this because two different records of this polarity reversal from sedimentary rocks
with different lithologies, environments of deposition, and structural tilting show a
high degree of correlation. There is no explanation available for the features
common to both of these records other than the geomagnetic field. Thus inclina-
tion shallowing cannot always completely obscure the record of the transitional
geomagnetic field, and information about this geologically rare phenomenon can

still be gained from such records.
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The Réunion event

In addition to polarity reversals themselves, the high rate of deposition of the
Confidence Hills sedimentary rocks makes possible the study of extremely brief
subchrons such as the Réunion event, which took place between approximately
2.15 - 2.13 Ma (Paper 3, Fig. 6). This subchron was first detected in normal-
polarity lava flows on Réunion Island [Chamalaun and McDougall, 1966], but has
rarely been found elsewhere. The slow rate of deposition in most marine envi-
ronments combined with the smoothing effects of bioturbation precludes the
existence of this brief subchron in most sedimentary records that span this period
of time. At most, one or two normal-polarity stratigraphic horizons represented
by one or two data points have been found at any given location . Despite the
lack of data (or perhaps because of it), some researchers have proposed that
there were actually two brief normal-polarity events in that time period [e.g.,

Mankinen and Dalrymple, 1979; McDougall et al., 1992].

In the course of this research, we identified a record of the Réunion subchron in
the Death March Canyon section of the Confidence Hills. Unfortunately, this
interval is disrupted by faulting both in Confusion Canyon and in a third section
recently reconnoitered. The Death March Canyon record was studied in detail.
The primary result, described in Paper 3, is that the Réunion subchron appears
to be a single normal-polarity event approximately 20 kyr in duration. The esti-
mated ages of the reversals associated with this subchron, based on interpola-
tion from the Huckleberry Ridge Ash, support the ages of 2.15 Ma and 2.13 Ma
recently determined by the correlation of marine marl sequences with orbital

parameters of the Earth [Lourens et al., 1996].
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The most challenging aspect of this work, besides the clearing of a large amount
of slopewash from the section in Death March Canyon, was determining the
effect of certain lithofacies on the paleomagnetic record. In contrast to the upper
Olduvai reversal which was recorded entirely within sandstones and siltones in
one section, and entirely within banded anhydrites in the other, the Réunion
interval was comprised of siltstone, banded anhydrite, and a third lithofacies
termed ‘gypsiferous siltstone.” The first two lithofacies are good recorders of
magnetic field directions (with the possible exception of inclination shallowing in
the middle of a transition), as evidenced by the upper Olduvai study and the
overall magnetostratigraphy from both Death March and Confusion Canyons.
The gypsiferous siltstone, on the other hand, proved to be a different sort of rock
altogether. The main difference between this rock and the banded anhydrite is
that evaporites in the gypsiferous siltstone appear to have grown in-situ while the
sediments were undergoing burial. In the banded anhydrite lithofacies, the
evapofite appears to have grown at the surface, with little post-depositional

growth.

The effect of this secondary or continued growth of evaporites is essentially a re-
ordering of the matrix within the sediment. Primary depositional magnetizations
are lost as the sediment is disrupted by continued growth of these evaporites.
This particular type of remagnetization has never before been documented, and
was only discovered after erratic paleomagnetic directions and low
paleointensities were correlated with paleomagnetic samples which displayed
dispersed evaporites within a siltstone matrix. These evaporites are virtually
undetectable in unheated samples without resorting to optical microscopy. At the
outcrop, their presence is most reliably detected by the absence of significant

bedding planes.
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An interpretation of the sedimentary environment which produces these gypsifer-
ous siltstones is an extension of the work of others [Hsieh and Murray, 1996;
Beratan et al., in press] in which the sedimentary environments of the various
lithofacies found in the Confidence Hills are described. The paleomagnetic
record actually helps to decipher the history of evaporite growth in these rocks,
suggesting that they grew as late as 9 - 25 kyr after deposition, as ion-rich water
was evaporatively pumped through the sediments from the subsurface to the

surface.

Fortunately, it appears that no large changes of the geomagnetic field were
occurring when the gypsiferous siltstones were being deposited at the surface,
and thus there are no significant gaps in the Réunion record (Paper 3, Fig. 7).
The analysis of additional records may help to verify what this record shows.
There are two records of this subchron recently produced from shallow-marine
sedimentary rocks in southern ltaly and lava flows in Ethiopia, and their unpub-
lished data agree quite well with the Réunion record in Death Valley. Since these

studies are not yet published, however, fair comparisons cannot be made.

This research and our studies of the upper Olduvai reversal point out the types of
difficulties encountered in high-resolution paleomagnetic records from sedimen-
tary rocks. As the time scale of the desired geomagnetic field information de-
creases, the relative importance of the process of magnetization in the sediments
seems to increase. Therefore, considerable attention must be given to the sedi-
mentary environment and the geological setting of a paleomagnetic record before

an interpretation of the results can be made.
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Hawaii

In volcanic rocks, the process of acquiring a magnetic remanence is completely
different from that which occurs in sediments. Therefore, the problems associ-
ated with obtaining detailed records of geomagnetic field variations are also
completely different. Paper 4 documents a study of paleomagnetic directions
obtained from a sequence of over 200 basalt flows which span the past 400 kyr.
In 1993, the Hawaii Scientific Drilling Project (HSDP) recovered a core that
consisted predominantly of basalt to a depth of nearly 1 km on the Big Island of
Hawaii, near Hilo (Paper 4, Fig. 1). This provided an excellent opportunity to
study geomagnetic field variations at Hawaii in the last half of the Brunhes nor-
mal-polarity chron. The HSDP core is azimuthally unoriented, so absolute decli-
nation determinations are not possible (relative declination changes may be
obtained in some circumstances). The inclination data alone are highly useful,
howevér, and can address many of the critical issues. Paleointensity data are
also a\)ailable [Garnier et al., 1996], albeit in a preliminary form at this time. The
lower ~ 600 m of the core was deposited rapidly, and represents ~ 100 kyr of the
shield-building phase of Mauna Kea. During this period, one flow was deposited
on average every ~ 600 yrs, thus this is one of the highest-resolution volcanic

records ever obtained for a time interval of that duration.

Volcanic records of geomagnetic field behavior in the central Pacific rarely span
more than a few thousand years at a time due to extensive resurfacing of the
islands by fresh lava flows, and sedimentary records recovered from deep-sea
cores in the central Pacific have not provided the resolution and/or reliability
necessary to study secular variation or geomagnetic field excursions. This lack

of data has led to speculation. For example, based on limited paleomagnetic
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data and historically low secular variation in that region, it was hypothesized that
the geomagpnetic field in the central Pacific has had an anomalously low non-
dipole component for several hundred kyrs. Explanations ranged from shielding
by a more metallic mantle below the Pacific to interaction of the Hawaiian hot
spot with the geodynamo. Additionally, having such limited data from the geo-
graphically large Pacific region has contributed to a large gap in our knowledge

about the global extent of known geomagnetic field excursions.

The HSDP record shows that contrary to the previous hypotheses, the geomag-
netic field in the central Pacific has not had anomalously low secular variation in
the past 400 kyr. The amount of variation in inclination is in complete agreement
with global data compilations for this latitude, and with models of secular varia-
tion. This finding is supported by a study which was published shortly after Paper
4 which re-analyzed previous data from Hawaii with more restrictive criteria and
improved statistical techniques [McElhinny et al., 1996]. However, the HSDP
record suggests that the amount of secular variation is highly variable over
timescales of 10 - 50 kyr. This interpretation is highly dependent on the extrusion

rate of lava flows, however.

Another significant result from the HSDP core is the first evidence for geomag-
netic fiéld excursions in that region, with the exception of one land-based record
of an éxcursion on Hawaii which has not been dated [Holt et al., 1994]. Two
definitive excursions are recorded in the core and their age constraints, deter-
mined primarily from isotopic dating, strongly suggest that they correlate with
excursions observed in paleomagnetic records elsewhere (Paper 4, Fig. 3). This
provides important evidence that excursions may be global phenomena, resulting

from some fundamental process within the geodynamo rather than localized
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perturbations of the geomagnetic field. The relationship between excursions and
secular variation has never been understood. Rather than being an extreme
form of secular variation, as has been postulated previously, at least one excur-
sion in the HSDP record appears to interrupt a consistent trend of secular varia-
tion (Paper 4, Fig. 4, Feature C), suggesting that the two geomagnetic field

variations may have different, and possibly independent sources.

The study of paleomagnetic directions from the HSDP core provides a useful
contrast to the sedimentary records of Death Valley. The type of information
gained is quite different, yet related to the same problem. While there are fewer
unknowns associated with the acquisition of magnetic remanence in volcanic
rocks than there are in sediments, there are other sources of uncertainty which
must be addressed. These are described in detail in Paper 4. Unfortunately, it is
not common to have such a large number of volcanic flows available at a single
location. In reality, it is often very difficult to positively correlate different volcanic
exposures on land without producing considerable time gaps in the paleomag-
netic record. The HSDP paleomagnetic data is therefore a unique resource

which may provide the basis for further studies.
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Constraining the Age of Gulf of California Rifting

This aspect of my thesis research was undertaken with the goal of helping to
solve a specific geologic problem with the aid of paleomagnetism and geochro-
nology. The Gulf of California exists due to the transfer of the Baja California
peninsula to the Pacific plate and the establishment of the North American —
Pacific plate boundary where the present Gulf is located. The history of this
process has been ascertained to some degree from seafloor magnetic lineations
located in and around the southern end of the Gulf and to the west of the penin-
sula [e.g., Stock and Hodges, 1989]. The onset of rifting is constrained to have
occurred sometime between plate motion changes at ~ 12 Ma and the com-
mencement of seafloor spreading in the southern Gulf at ~ 3.6 Ma. In between,
the seafloor record provides little evidence for the timing of Gulf of California
rifting. The details of rifting are important to understand because the Gulf of
California is one of the best examples of continental rifting and the transfer of
crust from one tectonic plate to another. This process is fundamental to the
division and amalgamation of continents, which is a primary product of plate

tectonics and a recurrent theme in geologic history.

Constraints on the age of Gulf of California rifting may come from various
sources, but some of the most promising are the numerous outcrops of marine
sedimentary rocks found along the Gulf margins. The paleontological record
within these sedimentary rocks provides some constraints on age and distribu-
tion, but the uncertainties are large and themselves uncertain. Paleomagnetism
and geochronology have the potential to provide much tighter age constraints on
the formation of these marine rocks, and magnetostratigraphy could be a useful

correlation tool for those areas where direct isotopic ages are not possible.
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Since little of this type of work has been performed in the Gulf region, a pilot

study was undertaken to determine the feasibility of these techniques.

The area selected for this study is the Santa Rosalia basin, Baja California Sur
(Paper 5, Fig. 1). One advantage of this location is that excellent geologic maps
and extensive descriptions of the sedimentary rocks are available due to copper
mining in that area [Wilson, 1948; Wilson and Rocha, 1955]. However, the pos-
sible presence of hydrothermal alteration could be a disadvantage for paleomag-
netism. Reconnaissance sampling was undertaken in portions of all three Mi-
ocene-Pliocene sedimentary formations in the area (Paper 5, Fig. 3). The two
uppermost sampled formations proved to be too coarse-grained for paleomag-
netic analyses, but the lowermost formation did not. Through careful demagneti-
zation procedures, it was discovered that remagnetizations due to copper ore
deposition in this formation are confined to discrete stratigraphic zones, and

primary magnetic remanences are retained elsewhere.

An approximately 30-m section directly overlying the highly-eroded basement
rocks was sampled and found to be of normal polarity. A volcanic deposit
interbedded in the same formation was sampled for both paleomagnetism and
geochronology. It was found to be of reversed polarity, and to have an 40Ar/39Ar
isotopic age of 6.76 + 0.45 Ma (1), obtained from plagioclase crystals. Using
this age and polarity, in addition to the normal-polarity constraint at the bottom of
the formation and a reversed-polarity magnetostratigraphic constraint at the top
of the formation, correlation with the geomagnetic polarity time scale (GPTS) is
possible, but uncertainties exist that depend on the average sedimentation rate
and the exact age used for the volcanic unit. An analysis of the probabilities

associated with each of the possible correlations shows that one correlation is by
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far the most likely (Paper 5, Fig. 8), and yields an age for the base of the marine
sequence of 7.1 £ 0.05 Ma (Paper 5, Fig. 9 and Table 2), which is a new and
useful constraint on the age of Gulf of California rifting. Since this is just a single
locality, however, it is desirable to extend this to other locations around the Gulf.
Given the success at Santa Rosalia, it is reasonable to expect that many other
marine-sediment localities would yield useful age constraints. It is worthwhile to
note that without the experience gained from detailed paleomagnetic studies of
the sedimentary rocks of Death Valley, the paleomagnetism of the Santa Rosalia

rocks would have been much more confounding.
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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 transi-
tional 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 demagnetiza-
tion 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 compo-
nent is held primarily by single- and pseudo-single-domain titanomagnetite, as
determined from standard magnetic studies and electron microscopy. This com-
ponent 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 “pre-
ferred” bands of transitional virtual geomagnetic poles (VGP’s) [1-3], yet the
transitional VGP paths from both localities are clustered within two primary longi-
tudinal bands which are approximately 90° away from the sampling site longi-
tude: 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
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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 regarding 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 north-south flow predominates. Such correlations have profound implica-
tions. If these links turn out to be real, 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 distri-
bution [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 pro-
vided 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.
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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
presenfed 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 (Figure 1). Death Valley is in the south-
western 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] . Bed-
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ding is well preserved with dips ranging from approximately 20° to slightly over-

turned.
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 siliciclastic sediment and bedded gypsum/anhydrite deposited in mar-
ginal 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 rela-
tively unweathered samples. We concentrated our efforts on two major erosional
channels 1.6 km apart, informally named Death March Canyon and Confusion

Canyon (Figure 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 spe-
cific polarity reversals in these sections. The Huckleberry Ridge tuff has been

dated at 2.057 + 0.008 Ma using the single-crystal 40Ar/39Ar method [25].
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2.3 Sedimentology of the upper Olduvai interval 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 geom-
etry 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 (Figure 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 physi-
cal weathering is greatly dominant over chemical weathering. The sediments in
this interval are interpreted to have been deposited on a sandflat, marginal to a
saline lake, supplied by a fringing alluvial fan [23]. This is a depositional environ-
ment in which floodwaters disperse as unchanneled sheetfloods across a flat
sand plain. Individual beds are probably deposited in single events. The pres-
ence 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 interval 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-
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grained sandstone. Bedding geometry is sheet-like, without cross-lamination.
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.

2.5 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/ky in Confusion Canyon, and 33.1 cm/ky 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 depo-
sition 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].

3. Methods

3.1 Sampling
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Samples were collected with a gasoline-powered drill using air-cooled, diamond-
tipped, 25 mm diameter coring bits. Sample orientation was determined using a
brass orienting sleeve and a magnetic compass. A sun compass was deter-
mined 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.

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 demagnetiza-
tion 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 compo-
nent 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 (approxi-
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mately 0.05 g) of samples throughout the transition zones were disaggregated,
placed in a 1 ml plastic epindorph tube and sealed. 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
transmisssion 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.
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 uT
biasing field with an alternating field of 80 mT peak. Relative paleointensity was
estimafed by normalizing the primary magnetization component by the induced

ARM. This was preferred over susceptibility normalization because the carrier of
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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. Pro-
gressive demagnetization, as described above, allowed us to resolve multiple
components of magnetization. For the vast majority of the samples, there were
two clear components — a primary magnetization and a present-day field over-
print (Figure 2). A few samples (some reversed-polarity samples in the upper
part of the Death March Canyon section) exhibited single-component primary
magnetizations (Figure 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 Figure 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 character-
istics of this component indicate that it is held primarily by multi-domain magne-

tite grains and partially by goethite and/or maghemite.
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In Figure 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 over-

print directions.

4.2 Rock Magnetism

Figure 5 shows a coercivity spectrum with results of the Lowrie-Fuller test [31]
measured from a typical 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) indi-
cates 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 consti-
tutes the magnetic fraction responsible for holding the stable primary remanence.
One fraction consists of single- to pseudo-single-domain sized grains [32], rang-
ing from 50 nm to 3 um 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
um 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 conclu-
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sion, 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
consistént 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.
4.3 Magnetostratigraphy

Plots showing the overall magnetostratigraphy from both canyons are shown in
Figure 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.
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. Figure 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
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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; there-
fore, 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 the analytical test, with a “B” quality

classification [34] .

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 direc-
tions as used in the reversal test (Figure 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 veri-
fies 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
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 transi-
tion zone in either canyon, it follows that the sediments deposited during the

transition should also pass the fold test, assuming that they had the ability to
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record ambient magnetic field directions during the period of reduced field inten-
sity. 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 ap-
proximately 44° + 6° for normally magnetized strata and -47° * 4° for reversely
magnetized strata (Figure 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 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 paleointensity through the upper Olduvai transition zone are plotted
in Figure 8 as a function of stratigraphic level.

These intervals were defined by the broad decrease in paleointensity surround-
ing the main part of the reversal, and also by large fluctuations in the VGP lati-
tude. 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.
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Based on these constraints and a slightly tighter transitional zone than shown in
Figure 8, estimates of the duration of the upper Olduvai reversal range from

approximately 9 - 18 ky.

The primary feature, an aborted reversal, is very distinctive, so we are confident
that we are not correlating 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 the field directions, most of which
are correlatable to directions in the more continuous deposition of the saturated
mudflat environment of Death March 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" occuring 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 - 227.8 m in Death March Canyon, appears to be only partially

recorded in Confusion Canyon from 168.6 - 168.8 m.
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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 Figure 8. The period of reduced field inten-
sity 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 accom-
panies 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 Figure 9. The aborted reversal produced VGP’s along the path
which is to the west of the sampling site, while the full reversal occured 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 (Figure 9c).

5. Discussion

5.1 Comparison with other studies

An interesting result is that this sampling location lies within one of the longitudi-

nal bands “preferred” by VGP’s during reversals [1-3], whereas transitional VGP’s
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trace out paths which are approximately 90° away from the sampling site
longtitude in either direction. We have plotted data from all available published
records [37] of the upper Olduvai in Figure 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 appar-
ent in Figure 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 Figure 10b, and comparison
with Figure 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 volca-

nic rocks.

5.2 Reliability of transitional directions
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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 occurring is a difficult
problem, however. A preliminary anisotropy study was performed with the goal of
addressing this issue [18]. The results indicated 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 transi-
tion 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 con-
trolled 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
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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 geomag-
netic field which could align magnetic particles in these two sedimentary environ-
ments 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 environ-

ments described by Beratan et al. [23] for the Confidence Hills sediments.

6. Conclusions

In contrast to the conclusions of a recent anisotropy study [18], traditional tests of
the paleomagnetic record in the Confidence Hills show that the upper Olduvai
transitional directions are representative of the geomagnetic field. A consistent
pattern in the upper Olduvai transitional data is seen across changes in deposi-
tional 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 longi-

tude [1-3].

A comparison of all uppper Olduvai studies indicate a consistency in the separa-

tion of VGP paths from sampling site longitudes. This site dependency lends
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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,
potentiél 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
(Figure 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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Figure 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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Figure 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- €) intermediate polarities.
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Figure 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; x, precision parameter; N, number of samples) As discussed in the text, this overprint
is removed after AF demagnetization to 10 mT and thermal demganetization to 250°C, and is

therefore interpreted as a viscous remanent magnetization (VRM) held by multidomain magnetite
and/or maghemite.
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Figure 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 direc-
tion, 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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Figure 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 demagne-
tization 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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Figure 7. Non-transitional data, reversal tests, and fold test. Equal area plots of the non-transi-
tional 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; |, inclination, positive downward; k, precision parameter; N, number of samples)
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Figure 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 declina-
tion 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 Canyon.
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b.) Death March Canyon

1

c.) Combined VGP’s

Figure 9. VGP paths. VGP’s are calculated for the transition zone data shown in Figure 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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Figure 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 (stag-
gered 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 sam-

pling sites shifted to a common longitude, which is the center of the projection.
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Recent compilations of geomagnetic reversals1-8 have generated a contro-
versy as to whether the geomagnetic field is geographically biased during
polarity transitions. At the present time there is an overall agreement that the
virtual geomagnetic poles (VGPs) recorded from Cenozoic sediments prefer-
ably lie over the Americas (or the antipodal longitude), yet such a preference
is not statistically established?-2. However, it is intriguing that the claimed
preferred paths lie 90° away from the site longitude4°. Although this may be
partly inherent to the very poor geographic distribution of the sites we prefer
not to rely on fortuitous coincidences. Several authors have argued that
palaeomagnetic sedimentary records may be modified by artefacts linked to
the acquisition of magnetization10-13, Here we report that in two sedimentary
records of the upper Olduvai reversal from Confidence Hills, California, the
delincations of the remanent magnetization recorded during the reversal are
similar to the directions of the maximum horizontal axes of the ellipsoids of
magnetic anisotropy. This supports the idea that, at times of low geomag-
netic intensity (such as during a reversal), factors other than the geomag-

netic field influence the orientation of elongated grains.

High-resolution records of the Upper Olduvai geomagnetic reversal were recently
obtained from two adjacent sections of lacustrine deposits (Death March Canyon,
hereafter referred to as section 1, and Confusion Canyon, or section 2) in the Con-
fidence Hills of southern Death Valley, Californial4. These sediments are charac-
terized ‘by a high deposition rate, 33 and 28 cm/ky, for sections 1 and 2, respec-
tively. The difference in bedding attitude between the two sections (strike/dip for
section 1 is N50°W/45°NE, whereas section 2 is N60°W/98°NE) allowed the first
fold test14 of transitional directions and was used to recognize present-day field

overprints. It was thus possible to assess the primary origin of the characteristic
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component of magnetization carried by single domain titanomagnetite. The virtual
geomagnetic pole (VGP) paths, which cluster over the Atlantic and the western
Pacific oceans, show no consistency with other records of the same transition. The
most obvious characteristic is the tendency for VGPs to lie ~90° away from the site
meridian. It has been suggested® 15 that this feature, commonly observed in sedi-
mentary records, could reflect the tendency for elongated particles to be deposited
with their long axes aligned parallel to the horizontal plane when the field strength
is not large enough, a process that would result in low magnetic inclinations which
in turn cause deviations of the VGP paths from the site meridian. We thus found it
useful and interesting to investigate the relationship between the magnetic fabric
and the directions of the remanent magnetization for transitional and non-transi-
tional samples from the Confidence Hills. Due to the high level of detail present in
these records, they are particularly suitable for studies of acquisition processes of

magnetization in sediments during transitions.

The anisotropy of magnetic susceptibility (AMS)16-21 has long been used as a
method for quantifying sedimentary fabrics. However, this technique is most sensi-
tive to E:oarse magnetite grains which do not carry the characteristic remanent
magnétization. It is therefore difficult to interpret AMS data when dealing with the
anisotropy of the carriers of magnetic remanence. This problem can be overcome
by measuring the anhysteretic remanent magnetization (ARM) which is carried pref-
erentially by single domain and pseudo-single domain grains22-24, The ARM anisot-
ropy (AAR), using the ARM acquisition ability of a given sample24 has been shown
to be a useful complement to standard AMS measurements. In addition, there is no
contribution to AAR from paramagnetic and diamagnetic grains. Therefore, we used

AAR in addition to AMS in order to fully characterize the magnetic fabric.
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Seventy-four oriented cylindrical samples (41 from section 1 and 33 from section 2)
were collected across the Upper Olduvai transition zone. The measurements of
AMS were performed at the laboratory of Parc St Maur (France) with a Kappabridge
KLY-2 (Geofyzica Brno). The AAR was determined from measurements performed
in the shielded room of the I.P.G.P. using the following procedure: 1) the specimen
was demagnetized in a peak alternating field of 90 mT; 2) an ARM was imparted
along a specific sample axis in a peak alternating field of 80 mT with a direct field of
0.1 mT; 3) the ARM was partially demagnetized with a peak alternating field of 20
mT along the same sample axis; 4) the ARM was measured with a CTF cryogenic
magnetometer using a multi-orientation sample holder so that the induced ARM
could always be measured along the z-axis of the magnetometer; 5) the sample
was then demagnetized along three axes with a peak alternating field of 90 mT in
order to remove the previous ARM; 6) another ARM was then imparted along a
different axis of the sample. This procedure was repeated for 9 different orienta-
tions using the same conventions as for the AMS determinations. The best-fit anisot-
ropy tensor and its eigenvalues and eigenvectors were computed with the method
of Jelinek?23. This allows a precise determination of the anisotropy tensor. In order
to rule out any secondary effect the very small component remaining after demag-

netization was substracted from any imparted ARM.

The maximum and minimum axes of AMS and AAR are shown in equal area ste-
reograms in Figure 1. Both sections show a well defined AMS foliation with the
minimum axes perpendicular to the bedding plane and maximum AMS axes with a
tendenéy for NW-SE preferential orientation. The maximum AAR axes are also
parallél to the bedding plane. However, the AAR Kmax declinations from section 1
are quite scattered while they show a NW-SE lineation in section 2. The Kmjn axes

are vertical in section 1 but deviate from 90° in section 2. The percentages of AAR
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are greater than for those of AMS (H=9.9 + 5.4 and 7.9 + 4.3 for sections 1 and 2
respectively versus 3.8 = 1.9 and 2.5 £ 1.4, where H = 100((Kmax-Kmin)/Kint)). The
values of the shape parameter for the AAR (F = (Kmax-Kint)/(Kmax-Kmin)) are typical
of oblate ellipsoids (F= 0.31 + 0.22) in section 1 and closer to prolate structure
(F=0.47 + 0.19) in section 2. These anisotropy parameters show no apparent cor-
relation with directional changes.

Thus, there are obviously some differences between the two sections. In the ab-
sence of deformation the AMS in sediments?26 is linked to the shape of the elon-
gated grains that come to rest during deposition with their long axes parallel to the
bedding plane and eventually azimutally oriented by bottom currents. Shape anisot-
ropy is common for single or pseudo-single domain grains of magnetite and is
reflected by the AAR27. The fact that the inclinations of the Kmin axes (of both
anisotropies) remain tightly grouped close to 90° in section 1 while the Khax are
widely scattered (Figure 1) in the bedding plane indicates that the original deposi-
tional fabric has been preserved, unaffected by deformation. Although this ap-
pears to be much less apparent in the AMS, the dispersion of the AAR Kmin axes in
section 2 and the preference of the Kmax axes to lie closer to the direction of the
bedding strike (300°) indicates that deformation could be more significant than in
the previous section. Indeed, in presence of intense folding the orientation of the
Kmax axes is expected to be parallel to the fold axis while the inclinations tend to be
scattered away from the horizontal plane28:29, The anisotropy measurements (es-
pecially the AAR) are thus quite consistent with the field observations which show
that section 1 (45° dip) experienced less folding than section 2 (110°). On the other
hand, these differences in AAR Kmax scatter could be explained by the different
sedimentary environments characterizing these sections14. Section 2 is a high en-
ergy environment while section 1 has quieter depositional conditions which would

produce more scattered directions of the AAR Kmax axes. One can speculate that
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both of these mechanisms of non-magnetic origin should have a limited affect upon
the remanence directions outside the transition. This is because they mostly influ-
ence orientation of elongated grains whereas remanence is carried primarily by

equant grains in these sediments14.

In Figure 2 we compare the directions of the AAR Kmax axes with the declinations
of the remanence. Kmax has no polarity, and, hence, the axes define two declina-
tions 180° apart. We plotted the declinations of Kmax with the minimum deviation
from the direction of the remanence. The most striking feature is that in both sec-
tions the declinations of the AAR-Kmax axes more closely match the remanence
declinations during the transition (220 to 228 m in section 1 and 167 to 169 m in
section 2) than outside this interval. Furthermore, it can be noted that there is a
good agreement if only directions associated with a low latitude VGP are consid-
ered. There are several possible interpretations for the apparent correlation be-
tween the transitional declinations and the orientation of the AAR Kax axes. First
of all, significant effects of smoothing of the transitional directions by post-deposi-
tional reorientations of the grains seem unlikely because of the very high deposi-
tion rates and the large directional jumps observed during both transitional inter-
vals. The fold test also eliminates the possibility of overprinting by the present geo-
magnetic field. The AAR could reflect preferential orientation of the long axes of
single domain and/or pseudo-single domain grains by the geomagnetic field. How-
ever in this case, the inclinations of the AAR axes should also coincide with those of
the remanence, particularly outside the transition interval where the geomagnetic
field intensity is much higher. In both sections the inclinations of the Kmax axes
remain close to 0° and thus strikingly different from those of the remanence outside
the transitional intervals. It seems thus difficult to invoke only a geomagnetic origin

for the AAR.
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We may first find it surprising that under such conditions similar directional changes
have been recorded at both sections. Although there is an overall similarity be-
tween the two records, there are large swings and abrupt variations of declination
in section 2 which contrast with the much smoother behavior of the declination in
section 1 (Figure 2). In both cases this different character is duplicated by the dec-
linations of the AAR Kmax axes. The similarity between the orientations of the tran-
sitional directions and the Kmax axes of the AAR suggests that the anisotropy ef-

fects may have played a significant role in the records of the transitional directions.

One may thus wonder in this case why the orientations of the Kmax axes of the AAR
do not match those of the characteristic component of magnetization outside the
transition zone. Also puzzling is the fact that the inclinations of the remanence do
not match exactly those of the Kmax axes during the transition, although it is notice-
able that the largest similarities occur for transitional directions with VGPs at the
lowest latitudes. However, if we assume that the orientations of the elongated grains
dominate the remanent magnetization during the transition, this should not neces-
sarily be so outside the reversal because most of the characteristic remanent mag-
netization is carried by single domain equant grains without shape anisotropy. This
is supported by TEM experiments on fine grain separates that confirmed the pres-
ence of equant single domain grains of titanomagnetite and detected also the pres-
ence of non-equant grains14. During periods of stable polarity the fraction of elon-
gated grains lying with their long axes parallel to the bedding eventually introduces
a bias into the remanence which is usually described as an inclination error31 and
observed at Confidence Hills14. When the external field reaches a weak intensity
as during a geomagnetic reversal, the alignment of the equant particles by the

geomagnetic field becomes much weaker so that the contribution of the fraction of



65

elongated particles to the remanence may be considerably enhanced if not domi-
nant. The resultant magnetization is thus much more sensitive to grains with their
moments more or less parallel to the horizontal plane. This process induces signifi-
cant inclination shallowing which in turn causes deviations of the VGP paths from
the site meridian. It can be noted that this hypothesis is slightly different than one

previously proposed?, in which only elongated grains were involved.

Although we cannot preclude that these results could be specifically inherent to
these sediments, they imply some degree of inability of sediments in general to
accurately record the field direction during periods of low field intensity. This clearly
emphasizes the importance of anisotropy measurements before any interpretation

of transitional directions in terms of geomagnetic field behavior can be carried out.
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Figure 1: Top, equal area stereo plots of the directions of the K54 (black dot) and Ky, axes
(grey dot) of magnetic susceptibility (AMS) for samples from section 1 (left) and section 2 (right).
Bottom, the Kmax and Kmin axes of the anhysteretic remanence (AAR). Dotted lines show the
directions of the bedding strike.
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Kmax @xes (filled circles) compared with the declinations of the remanence (open circles) as a
function of the stratigraphic height in section 1 deposits. The two right-hand plots show an
enlarged view of the declinations and VGP latitudes across the transition zone. (b.) same as (a)
for section 2.
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Abstract

A detailed record of the Réunion normal-polarity geomagnetic subchron was
obtained from fine-grained ephemeral lake sediments with an average sedimen-
tation rate of approx. 30 cm/kyr exposed along the southern Death Valley fault
zone. Alternating-field and thermal demagnetizations revealed that most
samples have two-component magnetizations, a primary component acquired at
or soon after the time of deposition and a normal-polarity secondary component
acquired after structural tilting of the rocks. The primary magnetization is prob-
ably held primarily by magnetite and/or titanomagnetite, while the secondary
component is likely held by multi-domain magnetite and goethite. All samples
exhibiting stable magnetizations with consistent paleomagnetic directions are
from siltstone or banded anhydrite lithofacies. Most samples which did not ex-
hibit stable magnetizations, and all samples exhibiting erratic directions are from
a gypsiferous siltstone lithofacies. This lithofacies is characterized by displacive
evaporite crystals disseminated throughout the matrix. These crystals were
growing approx. 9 - 25 kyr after deposition while the sediments were undergoing
burial and compaction. This process disrupted primary magnetizations, render-
ing useless the remanent magnetic directions from this lithofacies. Due to the
confinement of this lithofacies to two specific stratigraphic zones, only two small
gaps exist in the record. They are located just below a normal polarity interval
which, according to average sedimentation rates and extrapolation from the
Huckleberry Ridge ash, existed from approx. 2.15 - 2.13 Ma, in agreement with
recent astronomically calibrated ages for the Réunion subchron. Transitional
directions from the reversals trace virtual geomagnetic pole (VGP) paths which

are roughly 90° east of the sampling site.



72

Introduction

In recent years, high-precision radiometric dates for several geomagnetic polarity
time scale (GPTS) boundaries have been reported which support ages deter-
mined by astronomical calibration (Baksi et al., 1992; Tauxe et al., 1992; Renne
et al., 1998). The astronomical method is based on the correlation of geologic
proxies for climatic variation with periodic changes in the earth’s orbital param-
eters (e.g., Hays et al., 1976; Shackleton et al., 1990; Hilgen, 1991b; Hilgen,
1991a; Lourens et al., 1996), and appears to be the most accurate and precise
method of calibrating the GPTS for at least the past 5 myr (Cande and Kent,
1995). However, the correlation of astronomically calibrated ages with geomag-
netic polarity reversals is only as accurate or precise as the magnetostratigraphy

produced from the sedimentary sequence containing the climatic proxy.

One of the most enigmatic polarity intervals in the early time scale is the Réunion
subchron (C2r.1n) which in a recent GPTS compilation (Cande and Kent, 1995)
has been listed as a single normal-polarity interval spanning the 10 kyr interval
2.14 - 2.15 Ma. It has been shown in various other time scales as either one or
two ndrmal polarity intervals which lasted from 30 - 160 kyr, anywhere in the
range 2.01 - 2.27 Ma (e.g., Mankinen and Dalrymple, 1979; Harland et al., 1982;
Harland et al., 1989; McDougall et al., 1992).

The dates used in the GPTS of Cande and Kent (1995) for the Réunion subchron
are based on an astronomical calibration (Hilgen, 1991a). In the
magnetostratigraphy used for this calibration, the Réunion subchron is repre-
sented by a single normal-polarity lithostratigraphic unit with two samples

(Zijderveld et al., 1991). An updated astronomical calibration (Lourens et al.,
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1996) for the past 5 myr is based on a more detailed magnetostratigraphic record
(Langereis, unpublished data) as yet unpublished. According to this calibration,

the Réunion is expanded to a 20 kyr interval from 2.149 Ma to 2.129 Ma.

The initial discovery of the Réunion subchron was made by Chamalaun and
McDougall (1966) in ~2.0 Ma lava flows on Réunion Island in the southern Indian
Ocean. While many detailed records of the Olduvai normal-polarity subchron
(1.95 - 1.69 Ma, Cande and Kent, 1995) have been described (e.g., Grommé and
Hay, 1971; Clement and Kent, 1985; Herrero-Bervera and Theyer, 1986; Tric et
al., 1991; Lee, 1992; Liu et al., 1993; Holt and Kirschvink, 1995), few records with
any data representing the Réunion subchron have been found (McDougall and
Watkins, 1973; Brown and Shuey, 1976; Zijderveld et al., 1991). Reasons for
ambiguity in the Réunion subchron are threefold: (1) The lack of complete,
detailed records of this time interval from either volcanic or sedimentary rocks.
(2) Radiometric dates from normal-polarity volcanic rocks in this time interval
cluster into two groups, ~2.05 Ma and ~2.15 Ma (Grommé and Hay, 1971), which
appear to be distinct, yet may be the result of some K/Ar dates being too young
(Shackleton et al., 1990; Hilgen, 1991a; Baksi et al., 1993). (3) The Réunion
subchron is so brief that sedimentary records with typical marine deposition rates
may miss it entirely or smooth multiple closely-spaced events into the appear-

ance of one event.

In this paper we present a detailed paleomagnetic record of the Réunion
subchron obtained from an unfaulted, continuous stratigraphic section of non-

marine sedimentary rocks with a high rate of deposition (~30 cm/kyr).
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Geologic Setting

Tectonic history

The sampling area for this study is located in the Confidence Hills of southern
Death Valley, California (Fig. 1). Playa lake sediments were deposited in a physi-
cal setting similar to present-day Badwater Basin in central Death Valley, and
after undergoing burial and compaction, were later uplifted and tilted by tectonic
forces acting along the southern Death Valley fault zone (Troxel and Butler,
1986). The axis of tilting is nearly perpendicular to the prevailing drainage pat-
terns. This has caused erosional channels to cut across the strike of bedding,
revealing continuous stratigraphic sections of the sedimentary rocks (Gomez et

al., 1992).

Two of these sections, informally named Death March Canyon and Confusion
Canyon, have been the focus of previous paleomagnetic (Holt and Kirschvink,
1995) and stratigraphic (Hsieh and Murray, 1996; Beratan et al., in press) stud-
ies. Small-scale faulting may have disrupted the record of the Réunion
subchron in Confusion Canyon; therefore, this study is focused on the record of
the Réunion subchron in Death March Canyon, where the bedding strike and dip
are approximately N45W, 55°NE. After extensive cleaning and detailed examina-

tion of the section there, no faulting has been observed.

Environment of deposition

The sedimentology and stratigraphy of the Confidence Hills have been described

previously in detail (Hsieh and Murray, 1996; Beratan et al., in press). The sedi-
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ments relevant to this study are within the Confidence Hills Formation and are
interpreted to have been deposited in subenvironments of an ephemeral saline
lake and/or salt pan within a closed basin (Beratan et al., in press). The primary
source area for these sediments was the granitic Owlshead mountains to the
southwest of the Confidence Hills (Fig. 1). The two sections studied are com-
prised primarily of siltstone, fine-grained sandstone, massive anhydrite (CaSQ4),
and banded anhydrite. The banded anhydrites consist of alternating layers of
primary anhydrite (or anhydrite after gypsum) and silt. These layers are <1 mm
to 1 cm in thickness, while the siltstones and sandstones consist of beds ~ 1 cm
to 10 cm thick (averaging ~ 3 cm). There is no fossil evidence (macro- or micro-
scopic) for any life within these sediments [R. E. Reynolds, written communica-

tion, 1993].

The siltstones and fine-grained sandstones are well-sorted, and were carried by
thin sheets of water flowing out onto the playa as a result of precipitation within
the ancestral Death Valley watershed (Hsieh, 1993). Sedimentation was there-
fore episodic in nature, rather than being continuously fed by a standing water
column. Sedimentation rates for the different lithologies were probably quite
similar over ~ 103 yr time scales due to the extremely low relief of the playa and/
or saltpan which tended to keep sedimentation well distributed across the surface

(Hsieh, 1993).

In addition to these primary lithologies, there are a few minor lithofacies present

in the Confidence Hills sections. One of these is gypsiferous siltstone, a siltstone
containing crystals and/or nodules of gypsum or anhydrite disseminated through-
out the matrix (Beratan et al., in press). The evaporites appear to have grown in-

situ while ductile flow was still possible in the sediment, destroying all primary
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depositional structure (Beratan et al., in press). This lithofacies was not present
within the upper Olduvai interval in either Death March Canyon or Confusion
Canyon, where the lithologies were banded anhydrite and siltstone/fine-grained
sandstone, respectively (Holt and Kirschvink, 1995). In each section, however,
the Réunion subchron is found within similar sediments which are dominated by
siltstone and banded anhydrite, with gypsiferous siltstone being found in discrete

zones nearby.

The calcium-sulfates found in all of the evaporite-bearing lithofacies were prob-
ably formed at or near the surface of the ephemeral lake or salt pan by precipita-
tion from evaporating groundwater (Hsieh, 1993). In this type of environment,
groundwater may be drawn up through the sediments via evaporative pumping.
Changes in the water table height, the amount and type of dissolved ions, or
climate (which may all be related) can therefore affect the deposition of evapor-

ites. Calcium carbonates were not found in any of the rocks, however.
During the Olduvai subchron, stratigraphically above the Réunion, the average
sedimentation rate is 33.7 cm/kyr (updated from 33.1 cm/kyr (Holt and

Kirschvink, 1995) to reflect the most recenty determined age for the Olduvai

reversals (Lourens et al., 1996)).

Data Acquisition

Sampling

Paleomagnetic sampling was performed in essentially the same manner as in the
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previous study at this location (Holt and Kirschvink, 1995), the main difference
being the type of drill used. An electrically-powered rotary drill was employed (in
lieu of a gasoline-powered drill) with a standard diamond-tipped coring bit, using
compréssed air or CO2 for cooling. Samples were oriented in the field using only

a magnetic compass, as a sun compass was determined to be unnecessary.

A total of 187 samples were collected within 33.6 m of section encompassing the
Réunion subchron, of which 140 were located within a 15 m zone of primary
interest. Sample spacing ranged from ~ 1 cm to 30 cm, controlled primarily by
lithology and bed thickness, i.e., some layers cracked apart too easily to obtain
an oriented sample. This corresponds to theoretical time intervals of ~ 30 to 900
years while a single sample would average 75 years, with an average sedimenta-

tion rate of 33.7 cm/kyr.
Demagnetization

Magnetic direction and intensity were measured in a p-metal shielded, 2G-modi-
fied SCT cryogenic magnetometer located within a p-metal shielded room. The
intensity of the natural remanent magnetization (NRM) for most samples was on
the order of 10-1 A/m. After measurements of the NRM, samples were sub-
jected to stepwise, automated alternating field (AF) demagnetization in 2 - 5
steps to 10 mT. This was followed by thermal demagnetization in 3 - 6 steps to

400°C, followed by steps of 25° - 75° to a maximum of 625°C.

Magnetization directions were determined using least-squares principal compo-
nent analysis (Kirschvink, 1980). For the vast majority of samples, there were

two clear components of magnetization — a primary magnetization and a second-
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ary overprint (Figs. 2a-c). Due to the dip of bedding in this section, a present-day
overprint can easily be distinguished from both normal and reversed primary
magnetic directions. The magnetization usually became unmeasurable or ran-
dom at approximately 550° - 625°C, with the greatest drop in intensity occurring

at the 600°C or 625°C heating steps in many samples (Figs. 2c, 3a).

The overprint, which is a low coercivity, low blocking temperature component, is
removed by AF demagnetization at 10 mT and thermal demagnetization to ap-
proximately 300° C (Figs. 2a-c, 3b). As evident in the component J/Jo plot (Fig.
3b), there is little overlap of coercivity between the two components. The mean
direction of these overprints is between an axially-symmetric dipole normal-
polarity direction and the present-day field direction for this locality (as in Fig. 3,
Holt and Kirschvink, 1995), so this component is interpreted as being a combina-
tion of chemical remanent magnetization (CRM) and viscous remanent magneti-
zation (VRM). The demagnetization characteristics of this component, in con-
junction with rock magnetic studies (discussed below), indicate that the VRM is

held by multi-domain magnetite grains and the CRM by goethite.

Samples which did not reach a stable, linear demagnetization path (Fig. 2d) were
not used. This included 28 samples of the gypsiferous siltstone lithofacies and 7
from siltstone. The 44 remaining gypsiferous siltstone samples produced primary
directions distinct from an overprint in a similar manner to the 89 samples from
siltstone and the 19 from banded anhydrite (Fig. 2c), but with lower relative
intensities and higher average values of maximum angular deviation (MAD,
Kirschvink, 1980) determined from the least-squares analyses. Due to the pro-

cess of evaporite growth within gypsiferous siltstones, paleomagnetic directions
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obtained from this lithofacies are considered unreliable and will be treated sepa-

rately in the results.
Rock magnetism

Rock magnetic experiments were undertaken in order to constrain the mineral-
ogy and morphology of the magnetic remanence carriers, and to identify any
major variations within the sampled section. Experiments included (1) an acqui-
sition of anhysteritic remanent magnetism (ARM) in a 100 mT alternating field,
with progressively stronger background biasing fields between 0 and 1 mT, after
Cisowski (1981), (2) the progressive AF demagnetization of the ARM after the 1
mT ARM acquisition, (3) the progressive AF demagnetization of a 100 mT iso-
thermal remanent magnetization (IRM), and (4) IRM acquisitions in pulsed fields
up to 800 mT.

The magnetic susceptibility of most samples was measured after each heating

step using a Bartington MS2 susceptometer located within the shielded room.

Fig. 4 is a coercivity spectrum plot which includes a modified Lowrie-Fuller test
(Lowrie and Fuller, 1971) for a typical sample. The positive Lowrie-Fuller test
(the ARM having a higher coercivity than the IRM) suggests that the primary
magnetic carrier is of single- or pseudo-single-domain size. For the IRM acquisi-
tion 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. Samples from throughout the Réunion
interval and spanning the observed range of susceptibility showed virtually identi-
cal results for these tests, indicating the magnetic fraction is the same through-

out. This is supported by evidence from thin-section examinations and X-ray



80

diffraction studies which demostrated that the composition of the clastic compo-
nent in the Confidence Hills strata is similar throughout all observed lithofacies

(Beratan et al., in press).

The results of direct scanning electron microscope (SEM) and transmission
electron microscope (TEM) analyses on rocks of the Olduvai interval in the same
section and in the Confusion Canyon section (Holt and Kirschvink, 1995) indicate
that titanomagnetite constitutes the magnetic fraction responsible for holding the
stable primary remanence. Some of these magnetic grains are from 50 nm to 3
pum in size, which is in the range of single- to pseudo-single-domain grains (Levi
and Merrill, 1978). The morphology of this size fraction is either equant to slightly
elongate prismatic grains or clearly equant octahedral titanomagnetite crystals
(with Ti/Fe ratio up to approximately 0.25, from energy dispersive spectral analy-
ses). Other magnetic grains are of tabular magnetite and titanomagnetite grains
which are approximately 30 - 100 um across. This larger size fraction is clearly
multi-domain (Levi and Merrill, 1978), and is probably the primary carrier of the
magnetically soft overprint. It is assumed that rocks of the Réunion interval have
very similar magnetic properties to those of the Olduvai interval due to the simi-
larity of lithology, the continuity of the section without any significant depositional
hiatus, identical demagnetization characteristics, and the similarity of IRM and

ARM acquistions and demagnetizations.

Susceptibility measurements were performed on a Bartington MS2
susceptometer located within the shielded room during the course of thermal
demagnetization. Results are shown for samples which span the observed
range of intial susceptibility in Fig. 5. There are no large changes in susceptibility

until the last heating step at 625°C. This is accompanied by a marked increase
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in the amount of red coloration in the sample, probably indicating a sudden

increase in the oxidation of Fe-bearing minerals.

Results

Magnetostratigraphy of Death March Canyon

The overall magnetostratigraphy of the section used in this study is shown in Fig.
6, which compares virtual geomagnetic pole (VGP) latitudes with the GPTS.
There are three stratigraphic zones of reversed geomagnetic field polarity sepa-
rated by two zones of normal polarity. Absolute age control is provided by a 40-
cm-thick, grey volcanic ash. Chemically correlated with the Huckleberry Ridge
Ash (Troxel et al., 1986), this tephra unit has been dated at 2.09 £.008 Ma
(Sarna-Wojcicki and Pringle, 1992) using the 40Ar/39Ar method on samples from
the source region at Yellowstone caldera (recalculated from their original age of
2.06 Ma using a new standard (Sarna-Wojcicki, unpublished data)). The correla-
tion and age were confirmed by 40Ar/39Ar analyses of ash samples from the

Confidence Hills (Renne, unpublished data).

The two major normal-polarity intervals are therefore correlated with the Olduvai
and Réunion subchrons. Paleomagnetic directions obtained from samples of the
gypsiferous siltstone lithofacies are indicated with different symbols. The few
samples of this type found within the Olduvai subchron (at ~ 190 m - 195 m) have
highly discordant paleomagnetic directions from other Olduvai normal-polarity
samples. In addition, these anomalous directions are not observed in the Confu-

sion Canyon section, where the time-equivalent section is comprised of siltstone
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and banded anhydrite (Beratan, 1992; Holt and Kirschvink, 1995).
Magnetostratigraphy of the Réunion interval, Death March Canyon

The abrupt changeé of polarity recorded between the stratigraphic levels of 120
m and 135 m are shown in detail in Figs. 7a-c along with variations of lithology.
Paleomagnetic directions obtained from siltstones and banded anhydrites display
a smooth transition from reversed polarity to normal polarity between 127.5 m
and 129 m, stable normal-polarity (although somewhat low latitude) VGP’s for the
following 3 m, and then a more abrupt transition back to reversed polarity from
132.5 m to 133 m. Paleomagnetic directions from gypsiferous siltstones (plotted
separately) display erratic behavior, and are associated with high average MAD

values (Fig. 7d).

All normal- and reversed-polarity directions (excluding those from gypsiferous
siltstone samples) are plotted on an equal-area diagram (Fig. 8), both before and
after tilt-correction. These were chosen on the basis of their VGP latitude being
greater than 60°, in order to avoid transitional samples. The mean inclinations
for both normal- and reversed-polarity samples is lower than the 55.3° expected
at the sampling site latitude for a geocentric axial dipole (GAD), even if a time-
averaged non-dipole term (e.g., Cox, 1975; Constable and Parker, 1988) is
added to reduce the expected inclination by a few degrees. Normal directions
are significantly shallower than reversed directions, indicating that compaction is
not the only cause of these shallow inclinations. Normal- and reversed-polarity
directions from higher in the same section pass the reversal test (McFadden and
McElhinny, 1990) as shown in Holt and Kirschvink (1995), whereas those from

the Réunion interval do not. Reversed-polarity directions from the upper part of
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the section are the same as those from the Réunion interval, within uncertainty.
Due to the scatter of Réunion normal-polarity inclinations the primary difference
in normal directions is due to declinations. The Réunion declinations are

signifiantly eastward of either Olduvai declinations or a GAD declination.

There are several possible explanations for both the slightly eastward Réunion
declinations and shallow inclinations in the normal samples relative to the re-
versed samples. The first is merely a lack of adequate sampling of the Réunion
subchron. With such a brief time interval of normal polarity, short-term variations
in the sedimentation rate could result in a more detailed record of the lower
transition and less resolution during the normal polarity state and upper transi-
tion. Another possibility is that normal-polarity, post-tilting overprints have not
been completely removed from normal-polarity samples. This might suggest a
difference between the magnetic fraction found in the rocks of the Réunion inter-
val and those of the Olduvai in the same section, a difference which has not been
detected otherwise. Furthermore, given the geometry of tilting, this effect would
produce significantly steeper reversed directions. In the upper part of the sec-
tion, where there are many more normal data, normal and reversed inclinations
are not significantly different (Holt and Kirschvink, 1995). These observations
could also indicate that the Réunion subchron did not achieve a stable, fully
opposite state of polarity with enough secular variation to produce a geocentric

axial dipole over its short duration.
Age and duration of the normal event

Reliable age controls on the polarity reversals associated with the Réunion

subchron independent of the astronomical calibrations have been difficult to
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obtain: A reassessment of earlier K/Ar ages on normal-polarity lava flows of
Réunion Island (McDougall and Watkins, 1973) using the 40Ar/39Ar method
yielded four ages which were indistinguishable, with a weighted mean of 2.14 +

0.03 Ma (Baksi et al., 1993).

Using average sedimentation rates for the Death March Canyon section, we can
estimate the ages of the polarity reversals by extrapolating from the Huckleberry
Ridge Ash which is 10 m above the upper Réunion transition. The obvious
drawback to this method is that variations in the sedimentation rate, and hence
uncertainties of the estimated ages, cannot be determined. Also, this is not
entirely independent of the astronomically calibrated ages, since at this point we
only have one isotopically determined age in the section, and at least two ages
are needed to determine an average sedimentation rate. However, if we use the
Huckleberry Ridge Ash in conjuction with the upper Olduvai reversal, this method
may provide a useful approximate estimate of the age and duration of the

Réunion subchron for comparison with other methods.

Results of this extrapolation are compared in Table 1 with ages of the Réunion
subchron determined by several previous studies. Our ages are shown for two
estimates of average rates of sedimentation. One is determined for only the time
period of the Oludvai subchron (33.7 cm/kyr) and another for the interval be-
tween the Huckleberry Ridge Ash and the upper Olduvai reversal (27.5 cm/kyr).
These éges and the overall duration are remarkably consistent with the latest

astronomical calibration (Lourens et al., 1996) of the Réunion subchron.
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Intensity variations

The low-coercivity, low-blocking-temperature overprint is most consistently re-
moved by the 300°C demagnetization step. Therefore, the intensity of magneti-
zation measured at this step is used to estimate variations of relative
paleointensity during this interval. Plotted without any normalization (Fig. 7f),
there do not appear to be any significant changes which correlate with paleomag-
netic directional changes. Bulk susceptibility (measured before heating) is nor-
malized by mass (Fig. 7e) and this is used to normalize intensity, as shown in

Fig. 7g.

The lowest intensities throughout the Réunion interval occur in the same strati-
graphic zones as the gypsiferous siltstones, even after normalization for suscep-
tibility/mass (Figs. 7e-g). This supports the hypothesis that the evaporite crystals
disrupted the sedimentary fabric of the rock during and/or after initial acquisiton
of depositional remanence. The alignment of magnetic grains was more random-
ized as a result, producing a new “primary” magnetization which is much weaker.

These intensities are therefore not representative of geomagnetic field behavior.

There is an interval of low intensity from 127 m - 129 m which is surrounded by
higher intensities and centered on the lower Réunion transition (Figs. 7c and 7g).
This could be the result of decreased geomagnetic field intensity related to the
transition, but it might also be related to lithology. The higher intensities correlate
with the banded anhydrite lithologies. The changes do not appear to correlate
with susceptibility/mass measurements, however (Fig. 7€), as would be expected
if it were related to lithology. The most transitional sample in the upper transition

zone has a low normalized intensity (132.8 m, Fig. 7g) but it also has both a very
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low unnormalized intensity and susceptibility/mass ratio, indicating that the nor-

malized intensity is not representative of true geomagnetic field behavior.

Transitional directions

The lower Réunion reversal, which spans ~ 1.5 m of section, is represented by

13 transitional samples. The upper reversal appears to be very abrupt or is not
recorded with as much resolution as the lower reversal due to variations in sedi-
mentation rate. Three transitional directions are recorded between 132.2 m and

132.8 m.

Paleomagnetic directions spanning the interval from ~ 115 m - 137 m (as shown
in Fig. 7) are shown plotted in VGP space in Fig. 9. Pre- and post-Réunion
reversed-polarity samples are plotted separately for comparison. The majority of
transitional directions are from the lower reversal, but the three samples from the
upper transition plot in the same general transitional path, over western Europe,
western Africa, and the southern Atlantic. This path is very similar to the one
observed for the upper Olduvai transition in the Confidence Hills (Holt and
Kirschvink, 1995), and is approximately 90° away from the sampling site in longi-
tude. Many sedimentary records of geomagnetic field reversals show a tendency
for transitional VGP’s to be located approximately 90° away from the sampling
site in longitude (Quidelleur and Valet, 1994). This could be due to the inability of
the sediments to accurately record inclinations during low field intensities
(Quidelleur et al., 1995), but the VGP paths observed in this study could also be
the result of smoothing between non-antipodal field directions before and after

the reversal.
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Discussion

Interpretation of paleomagnetic directions

In order to be certain that this record is accurate, the relationship between gypsif-
erous siltstone and erratic directions must be understood in more detail. The
siltsone and banded anhydrite lithofacies have already been proven to accurately
record geomagnetic field directions in the Olduvai subchron and in the upper
Olduvai transition zones within both Confidence Hills sections (Holt and
Kirschvink, 1995). As in any sedimentary record, there is the possibility that
inclinations are greatly shallowed during periods of extremely low field intensity
(Quidelleur and Valet, 1994; Quidelleur et al., 1995). However, polarity is un-
doubtedly recorded quite well, and upper Olduvai transitional directions from the
two sections agree in spite of the fact that they are recorded in banded anhy-
drites in the Death March Canyon section and siltstones and fine-grained sand-

stones in Confusion Canyon.

The correlation between erratic directions in the Réunion interval and the pres-
ence of the gypsiferous siltstone lithofacies is definitive (Fig. 7). In addition,
lithofacies without dispersed evaporites do not show this behavior. Since many
of the gypsiferous siltstone samples did contain a recognizable, seemingly pri-
mary component of magnetization (although weak), we must consider this mag-
netization to either be originally spurious or a remagnetization which took place
in-situ, affecting only that lithofacies. From observation of the composition and
texture of this lithofacies, it appears to be related to the growth and/or regrowth of
evaporite crystals within the matrix of these rocks. The extremely low intensity

(Figs. 7f,g) relative to samples of other lithofacies supports the hypothesis that
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displacive evaporites deformed the sediment during their growth (Beratan et al.,
in press), randomizing the orientation of clastic grains and allowing some realign-
ment of magnetic grains with the ambient field within water-saturated pore

spaces.

Given the fact that this phenomenon is limited to particular stratigraphic horizons,
and the clastic sediments contained within these horizons are identical to those
which do not contain displacive evaporites, it is reasonable to assume that the
growth of these evaporites is related to their depositional environment (occurring
soon after deposition) and not to a recent weathering effect. Since many of the
samples seem to have acquired a direction of normal polarity (Figs. 7a-c), the
earliest it could have occurred was during the Réunion subchron. This is reason-
able given their stratigraphic position relative to the Réunion subchron and the
environment of deposition. The sediments furthest from that subchron would
have been ~ 7 m below the surface. The stratigraphically highest gypsiferous
siltstones in this zone are ~ 2.5 m below the bottom of the Réunion subchron and
~ 7 m below the top of the Réunion subchron. Therefore, if the siltstones and
banded anhydrites recording the normal-polarity Réunion subchron acquired
remanence at or near the surface, the evaporites in the gypsiferous siltstones

must have been growing between 9 - 25 kyr after deposition.

At this point, further explanation of the evaporite deposition process is in order.
In the playa or salt pan environment, a water table exists which may be at or
above the surface, but is usually at some depth below the surface. When it is
below the surface, evaporative pumping causes water to move up through the
sediment from the water table, carrying calcium and sulfate ions (among others)

which precipitate as they become saturated in the water (Hsieh and Murray,
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1996). This activity is regulated to some degree by groundwater recharge from
the margins of the playa or salt pan, which in turn is related to local climatic
conditions. If the water table is too deep, evaporative pumping is not sufficient to
activate water movement and no deposition of evaporites takes place. During
periods of wetter climate (or at locations closer to the center of the basin) more
water is available, and hence more ions are supplied. If the supply of dissolved
ions and groundwater is sufficient, evaporites may form at the surface, resulting
in banded or massive anhydrite. Under some conditions (slightly less water or
ions), evaporites may form only as crystals dispersed within sediment near the
surface. This could be the origin of the gypsiferous siltstones encountered in this

study.

We can apply this interpretation to the stratigraphy of the Réunion section. Cli-
matic factors were such that evaporite crystals precipitated within the sediments
now located between ~ 121 m - 126 m while they were near the surface, during
evaporative pumping of groundwater. During an interval when the groundwater
recharge was insufficient or the water table was too low for evaporative pumping
to be effective, the evaporite-free zone between ~ 123 m - 124 m was created.
As these sediments were buried, the existing evaporites continued to grow at
times when groundwater rich in dissolved ions again flowed upward through the
sediment column on its way to the surface. Calcium sulfate preferentially precipi-
tated on the existing crystals due to the lower energy requirements relative to
forming new crystals in the evaporite-free zones. The presence of the existing
evaporites also acted to buffer the groundwater, helping to prevent new crystals
from forming. As this growth took place, the clastic matrix surrounding the

evaporite crystals was disturbed and magnetic directions were realigned, but with
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much less efficacy than near the surface, due to the rapidly decreasing pore

space.

The presence of banded anhydrite within the normal-polarity zone above the
gypsiferous siltstones (Fig. 7a) is clear evidence that groundwater and dissolved
ions were available in sufficient quantities during that time. As the sediments
were buried, the potential for evaporite precipitation diminished due to the de-
creasing availability of ions (the concentration of ions in the groundwater de-
creases with depth due to the evaporative pumping from the surface) and/or

dewatering of the sediment from compaction.

It is imperative to be able to confidently identify those samples whose directions
may have been affected by the growth of dispersed evaporites. The presence of
these d'ispersed evaporites within the matrix is the determining factor, and this
can be checked visually. In unheated samples or in the actual outcrop, this can
be difficult due to the similarity in texture and color between siltstones which
contain evaporites and those which do not. Upon heating the samples to high
temperatures (ca. 600°C) , however, the color contrast between evaporites and
the clastic components is remarkably enhanced. The evaporites remain white
while the originally light-tan clastic material becomes a dark reddish-brown color,
so it is a simple matter to identify samples which contain disperesed evaporites.
The most obvious difference in outcrop between the gypsiferous siltstone and
siltstone lithofacies is the absence of bedding in the gypsiferous siltstone. Pri-
mary depositional structures are destroyed by the evaporite growth (Beratan et

al., in press).
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Comparison with previous studies

The studies on Réunion Island revealed normal-polarity lava flows in two loca-
tions (Chamalaun and McDougall, 1966; McDougall and Chamalaun, 1966;
McDougall and Watkins, 1973). One section records a R-N transition, normal-
polarity directions, and what appears to be a transitional direction at the very top
of the section. The other section records only a N-R transition. This second
section‘was assumed to overlie the first, and therefore it was not possible to say
for certain whether one or two events occurred, as there could be a time gap
between the sections. The precision of isotopic dating of rocks from the two
sections was insufficient to discern whether such a gap did indeed exist

(McDougall and Watkins, 1973; Baksi et al., 1993).

In eastern Africa, normal polarity rocks were found in a section of sedimentary
rocks of the Shungura Formation (Brown and Shuey, 1976; Brown et al., 1978).
Only a few samples recorded what appeared to be the Réunion subchron. There
were many samples within the section which exhibited unusual, unexplained
paleomagnetic directions, and very limited demagnetization procedures were

employed.

A few deep-marine sediment cores have recorded an anomalous direction or two
at about the level of the Réunion subchron (e.g., Tauxe et al., 1984; Zhao et al.,
1996), but in most cases, the sedimentation rate of marine sediments combined

with bioturbation effects causes this brief subchron to be missed (Opdyke, 1972).

The shallow-marine sedimentary record of Zijderveld et al. (1991) from southern
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Sicily shows a single normal-polarity lithostratigraphic unit interpreted as the
Réunion subchron. The average sedimentation rate for their section is of the
order 13 cm/kyr, while their average sample spacing in the Réunion interval is
1.25 m (Zijderveld et al., 1991). This yields an average sampling interval of ~ 9
kyr, leaving considerable room for undetected variations of the geomagnetic field
during the interval of the Réunion subchron. A more detailed study of a similar,
nearby section reveals a single normal polarity event spanning ~ 20 kyr
(Langereis, unpublished data), and this is the magnetostratigraphic basis for a
recent update to the astronomical age of the Réunion subchron (Lourens et al.,

1996) which our estimated ages match very well (Table 1).

A single normal-polarity zone comprised of 9 lava flows has been found in ca. 2.0
Ma rocks of eastern Africa (Courtillot, 1996). This has the potential to provide
new, independent isotopic ages for the Réunion, although it is unlikely that a
significént difference in age for the upper and lower boundaries of the interval
can bé obtained by that method. Another disadvantage of volcanic rocks is the
discontinuous nature of deposition, which places large uncertainties on the dura-
tion of polarity events. However, volcanic rocks do not suffer from diagenetic
side-effects as sedimentary rocks do, so it is extremely useful to have detailed

records from volcanic rocks for comparison.
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Conclusions

This study shows that the reliability of paleomagnetic directions from fine-grained
sediments deposited in ephemeral lake environments may be highly sensitive to
environmental conditions after initial deposition and subsidence. Under certain
conditions, secondary or continued growth of evaporites accompanied by defor-
mation of the sediment may occur while the sediments are as much as 7 m
below the surface. This process can randomize pre-existing magnetic directions

and allow partial realignment of some magnetic grains.

We have also found that the gypsiferous siltstone lithofacies is easily recogniz-
able, the boundaries of such zones are quite sharp, and stratigraphically adjacent
layers are not affected. The siltstone and banded anhydrite lithofacies appear to
produce reliable, stable paleomagnetic directions, and from them we were able to
obtain a detailed record of the Réunion subchron which shows a single normal
polarity interval approximately 20 kyr in duration, from ~ 2.15 Ma - 2.13 Ma.
Transitional VGP’s fall in a fairly confined band which is located approximately
90° east of the sampling site in longitude. There are two brief gaps in the record
due to the presence of gypsiferous siltstone in the stratigraphic column, but
because these intervals are short and they straddle a section of definitive re-
versedeolarity directions, it is unlikely that another normal-polarity interval was

missed.
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Polarity K/Ar Anom. Sed. Astron. Sed. rate (cm/kyr)

Reversal MK79 Ha89 MD92 Lo96 33.7 275
Age, Ma Age, Ma Age, Ma Age, Ma Age, Ma Age, Ma

Réunion 2

Top 2.01 - 2.1 - - -

Bottom 2.04 - 2.15 = - -

Réunion 1

Top 212 2.06 219 2.129 212 213

‘Bottom 2.14 2.09 2.27 2.149 2.14 2.15

Duration (kyr) 130 30 160 20 20 20

Table 1. Comparison of results with selected previous studies. Age and duration of Réunion
subchron are shown for: MK79 [Mankinen and Dalrymple, 1979], based on K/Ar isotopic ages;
Ha89 [Hér/and et al., 1989], based on seafloor magnetic anomalies; MD92 [McDougall et al.,
1992], based on sedimentary extrapolation from tephras; and Lo96 [Lourens et al., 1996], based
on astronomical calibration of sapropel-bearing sediments. The two right-hand columns are
results from this study, using average sedimentation rates determined for only the Olduvai
subchron (33.7 cm/kyr, using dates of Lourens [1996]) and for the interval between the Huckle-
berry Ridge Ash [2.09 £ 0.008 Ma, Sarna-Wojcicki and Pringle, 1992; Sarna-Wojcicki, unpub-
lished data] and the upper Olduvai (27.5 cm/kyr, using date from Lourens [1996]). Estimated

ages determined for this study are rounded to nearest 0.01 Ma.
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Figure 1. Location map. Sections sampled within the Confidence Hills in southern Death Valley
are indicated, along with the eastern and western strands of the southern Death Valley fault zone

[Wright and Troxel, 1984]. Adapted from Holt and Kirschvink [1995].
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Figure 2. Sample demagnetization. Orthogonal projections of declination onto the horizontal

plane (filled squares) and inclination onto the vertical plane (open squares) for typical samples of
(a.) reversed polarity (siltstone) (b.) normal polarity (siltstone), (c.) intermediate polarity (gypsifer-

ous siltstone), and (d.) an example of a sample which did not reach a stable, linear demagnetiza-

tion path (gypsiferous siltstone). Each division along the axes is 103 A/m except for (d.) which

has divisions of 104 A/m.
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Figure 3. Sample magnetization versus demag step. The ratio of J/Jo is plotted as a function of
demagnetization step for a representative sample as (a.) total J/Jo, and (b.) J/Jo separately for
each component. The removal of the overprint direction by the 300°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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Figure 4. IRM/ARM acquisition and demagnetization. A typical coercivity distribution for a
sample from the Réunion interval. Samples from throughout the interval exhibit virtually identical
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 filled circles show the AF
demagnetization of the of the ARM acquired in a 1 mT direct current biasing field with a 100 mT

(max) alternating field.
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Figure 5. Susceptibility vs. demag step. Susceptibility was measured after each thermal demag
step and plotted for samples which span the observed range of initial susceptibility. The greatest
change occurs upon heating the samples to 625° and also corresponds to the greatest color

change during heating, wherein the clastic component of the samples becomes reddish-brown.
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Figure 6. Magnetostratigraphy. VGP latitude as a function of stratigraphic position for the Death
March Canyon section, compared with the Geomagnetic Polarity Timescale (GPTS) from Cande
and Kent [1995]. VGP latitudes obtained from the gypsiferous siltstone lithofacies are plotted as
open circles as they are considered unreliable (see text for discussion), those from other
lithofacies are plotted as filled circles. The Huckleberry Ridge ash (~2.09 Ma [Sarna-Wojcicki and
Pringle, 1992], recalculated for new standard [Sarna-Wojcicki, unpublished data]) is the primary
tiepoint with the GPTS. VGP Latitude plot is updated from Holt and Kirschvink [1995].
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Figure 7. Réunion interval data and lithostratigraphic column. (a.) Declination, (b.) inclination,
(c.) VGP latitude, (d.) maximum angular deviation (MAD), (e.) susceptibility/mass, (f.) intensity at
the 300°C demag step, and (g.) normalized intensity are plotted as a function of stratigraphic
position in the interval of the Réunion subchron. Data obtained from the gypsiferous siltstone
lithofacies are plotted as open circles as they are considered unreliable (see text for discussion),
those from siltstone and banded anhydrite are plotted as solid circles. Direction of younger

section is to right.



109

Normal, Tilt-Corrected
D=:15.7%, 1=:37.3°
VGP: 69.6N, 16.6W
K= 28, Ogg=7.6°
N= 13

Normal, In-Situ
D=294.5° |=61.5°
VGP: 40.1N, 177.9W
K= 26.8, Og5=7.8°
N= 13

E

Reversed, In-Situ
D=94.9°, |=-44.8°
VGP: 81.4S, 73.9W
K= 854, 0bigs=2.8°
N=72

Reversed, Tilt-Corrected -
D= 177.7°, |=-49.9°

VGP: 84.5S, 96W
k= 23.2, agg=3.5°
N=72 S

Solid = lower hemisphere
Open = upper hemisphere

Figure 8. Non-transitional data. Equal area plots of the non-transitional directions from the same
stratigraphic interval shown in Fig. 7. Filled circles represent lower hemisphere projections, open
circles represent upper hemisphere projections. Fisher statistics [Fisher et al., 1987] for each
group are shown for pre- and post-tilt-corrected data (D, declination east of north; I, inclination,
positive downward; x, precision parameter; N, number of samples). The data fail the reversal test
of McFadden and McElhinny [1990]. See text for discussion.
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Figure 9. Virtual Geomagnetic Poles. VGP’s are shown for the stratigraphic interval of Fig. 7 on
a Hammer-Aitoff projection of the Earth, centered on 0° N, 0° E. Latitude and longitude grid
spacings are 30°. VGP’s for samples up to and including the normal-polarity zone of the Réunion
subchron are shown as filled circles, while those from the upper Réunion transition and above are

shown as open squares.
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Abstract

A volcanic record of geomagnetic field inclination for the past ~400 kyr at Hilo,
Hawaii has been obtained from the 941.5 meters of core recovered by the Hawaii
Scientific Drilling Project. The analysis of 195 lava flows reveals six instances of
near-zero inclination and two instances of fully negative inclination (reverse
polarity) within an otherwise normal-polarity core. In particular, flow unit 23 (~178
m depth) records a horizontal inclination and may be associated with the
Laschamp event; flow units 40 and 42 (~260 m depth) record negative inclina-
tions and are close in age to the Blake event; flow unit 55 (~320 m depth) records
a negative inclination with a relative declination change of ~75° with respect to
the overlying flow, and is probably the Jamaica/Biwa I/Pringle Falls event. The
five instances of shallow inclination found below 400 m depth appear to have
resulted from long-term secular variation as they are part of inclination swings
between ~0° and ~60° with a periodicity of ~10 - 50 kyr. In contrast, the inclina-
tion shifts at ~178 m and ~320 m depths significantly deviate from long-term
trends, suggesting the existence of at least two independent processes produc-
ing time variations of the geomagnetic field. The secular variation has a mean of
30.9° (ags = 2.27°), which is significantly shallower than the expected dipole
mean of 36°. The dispersion (c = 12.5°) agrees with global paleosecular varia-

tion data for 0 - 5 Ma and secular variation models.

Introduction

The Hawaii Scientific Drilling Project (HSDP) [Stolper et al., this issue] was con-
ceived in order to study the nature and evolution of a mantle plume hot spot by

drilling through the flank of an active ocean island volcano. The initial phase of
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this program was a “pilot hole,” drilled at Hilo, Hawaii (Figure 1). In addition to
the petrologic, geochemical, and volcanological information afforded by the
recovered core [Stolper et al., this issue], this project provided the unprecedented
opportunity to obtain a record of geomagnetic field inclination for the last ~ 400
kyr from a continuous sequence of lava flows at one location in the central Pa-

cific.

Paleomagnetic studies on the island of Hawaii (known as the “Big Island”, Figure
1) have established that Hawaiian basalts record the ambient field direction
extremely well [Doell and Cox, 1963, 1965; Hagstrum and Champion, 1994] and
that all flows exposed on the surface were deposited during the Brunhes normal
polarity chron [Doell and Cox, 1965]. In addition, detailed studies of hundreds of
lava flows [Doell and Cox, 1971; Doell, 1972; McWilliams et al., 1982; Holcomb
et al., 1986; Mankinen and Champion, 1993; Hagstrum and Champion, 1994]
and lake sediments [Peng and King, 1992] have produced paleosecular variation
records as far back as 13,000 years. These records show that the subdued
nature. of the present geomagnetic field’s non-dipole component may have per-
sisted for the past several thousands of years and possibly longer, although
Mankinen and Champion [1993] pointed out that despite attempts at correction
[e.g., McWilliams et al., 1982], this may still be the result of sampling very short
time intervals. While these and other studies have provided valuable information
on recent lava flows and geomagnetic field behavior, continuous records extend-
ing into the Pleistocene are difficult to obtain since most of the island is covered

by flows less than a few thousand years old.

Although the HSDP core is azimuthally unoriented, the paleomagnetic inclination

record may address several important issues regarding geomagnetic field behav-
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ior. Sudden polarity changes or excursions, paleointensity, and secular variation
of the zonal components of the geomagnetic field can in principle be measured
or detected with inclination data alone. This core is particularly interesting be-
cause the HSDP record spans the upper half of the Brunhes magnetochron
[Harland et al., 1989], a period in which several departures from the stable nor-
mal polarity of the field have been previously observed (reviewed by Champion
et al. [1988] and Jacobs [1994]). Volcanic records are not as continuous as
sedimentary records and may miss excursions of the geomagnetic field, which.
are often less than a few thousand years in duration [e.g., Courtillot and
Lemouel, 1988]; however, volcanic records do not suffer from the time-averaging
effect of sedimentary acquisition of remanence which may also cause short-lived
events to be missed [e.g., Thouveny and Creer, 1992]. When sudden changes of
geomagnetic field direction are found in volcanic records, there is the opportunity
to constrain their ages using geochronologic techniques, as well as to obtain an
absolute measurement of the field intensity at that time. The former is required to
establish global correlation of geomagnetic field excursions or events, while the
latter permits a discussion of the geomagnetic regime responsible for the rapid

directional changes.

Unfortunately, there are few volcanic records available which span more than one
of these relatively rare events. According to our paleomagnetic studies, the 208
lava flow units comprising the HSDP pilot core record three sudden, large shifts
of geomagnetic field inclination and five instances of extremely shallow inclina-
tion. 40Ar/39Ar and K/Ar dating of basaltic samples from the core [Sharp et al.,
this issue] as well as radiocarbon dating of volcanic ashes [Beeson et al., this

issue] provide age constraints for several of these geomagnetic phenomena.
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Core Description

The 1056-m-deep HSDP hole was drilled through ~280 m of Mauna Loa flows
into the flank of Mauna Kea volcano. Core recovery rate was 90%, with the
unrecoverable portion being comprised of unconsolidated sediments and rubble
[Sto/pe} et al., this issue]. Most flow units sampled by the core resulted in at
least one or two sections of continuous core approximately 0.3 m in length, and
occasional reconstructions of 1 - 2 m in length were possible. As previously
mentioned, the core was not azimuthally oriented. Vertical orientation of the core
was preserved immediately after each core run (retrieval of ~3 m of core) by two
blue/red line pairs (each pair consisting of blue on left, red on right) drawn along
opposite sides of the retrieved core section. The section was then cut into ~0.6
m lengths for boxing and split lengthwise into one archive sample and one

sample for subsequent study [Stolper and Baker, 1994].

Core logging identified 227 distinct lithologic units, 208 of which are individual or
compound lava flows; the remainder being ash beds, sediments, and soils
[Stolper and Baker, 1994; Stolper et al., this issue]. The term “unit” refers to
either a single lava flow or a compound flow erupted in a short time. “Flow” could
therefore be synonomous with “unit,” or could be a subdivision of a compound
flow unit. The 27 Mauna Loa flows, extending from the surface to 280 m depth
and were deposited on shallow slopes (~1°) of lava deltas. Mauna Kea flows,
constituting the bulk of the core, were deposited on the relatively steeper slope
(~3° - 6°) of the volcano [G.P.L. Walker, unpublished manuscript, 1995]. As a
result, Mauna Loa flows in the core are generally thicker than those of Mauna
Kea and contain more intercalated sediment and soil horizons. The boundary

between Mauna Loa and Mauna Kea flows is distinguished by major- and trace-
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element compositions [Rhodes, this issue]. Detailed petrography and petrology
of HSDP samples is reported by Baker et al. [this issue]. Lava flows from both
volcanoes are exceptionally unaltered due to their location away from active

hydrothermal areas [Stolper et al., this issue].

Sampling and Measurements

Four to six 2.5-cm-diameter samples were drilled from 195 flows within the HSDP
core using a diamond-tipped, water-cooled coring bit. A vertical orientation line
was drawn parallel to the sides of the HSDP core segment on the flat face of the
HSDP core split. Samples were then drilled, centered on this line, perpendicular
to the HSDP core axis at various azimuths (due to the azimuthally unoriented
nature of the core). When continuous sections of core were encountered,
samples were drilled with the same azimuth. After drilling, a longitudinal orienta-
tion mark was drawn along the top of each paleomagnetic samples before being
trimmed to a length of 2.2 cm. End chips were tagged and saved for possible

future use.

Measurements were made using a computer controlled, magnetically shielded
cryogenic magnetometer with a background noise level of 5 x 10-12 Am2, lo-
cated within a magnetically shielded room at the Caltech Paleomagnetics Labo-
ratory. 618 samples were subjected to progressive, static, three-axis, alternating-
field (AF) demagnetization to 80 mT in steps ranging from 2.5 to 15 mT. Inclina-
tion data for 104 samples were also obtained by Garnier et al. [this issue] as part
of their paleointensity analyses, which employed thermal demagnetization tech-
niques. The inclination data resulting from their study is used in the flow aver-

ages along with our data obtained from AF demagnetization. Progressive ther-
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mal demagnetization using 50 °C steps was performed on seven samples of our
study in order to determine relative declination changes between multiple compo-

nents of magnetization in partially remagnetized flow units, as discussed below.

Rock magnetic investigations of HSDP core samples were also undertaken by
Garnier et al. [this issue]. Their high field thermomagnetic analyses and mag-
netic h?steresis measurements indicate that the primary carrier of magnetic
remanénce in these samples is pseudo-single-domain magnetite and/or

titanomagnetite.

Sources of Uncertainty

With any volcanic rock core there is the possibility that apparent large shifts of
paleomagnetic directions are the result of sample misorientation, inverted seg-
ments of core, block rotation, slumping, local magnetic anomalies, or self-revers-
ing magnetic components. Sample and core segment orientations were the first
factors checked when apparent polarity reversals were found in the data. This
eliminated six apparent “events” which were highly suspect because they oc-
curred within flows with otherwise normal inclinations. Since sample end pieces
could be matched to the sample using the longitudinal orientation mark, and end
pieces could be matched with the outer core surface using vesicles, fractures,
and/or one or both of the blue/red orientation lines, sample orientation could be
verified. If there was any doubt then new samples were drilled in the same
segment. In four of the six cases of core inversion, comparison of the blue/red
vertical orientation lines with the orientation marks made during our sampling

revealed that short segments of the core (typically < 0.3 m) were inverted during
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packaging or subsequent handling. In order to confirm this, we carefully exam-
ined the broken ends of adjacent segments and compared lithologic and struc-
tural variations (grain size, olivine content, vesicles, fractures, flow boundaries,
etc.) in adjacent sections. Continuity of these variations could be used indepen-
dently of the orientation lines to reconstruct the vertical orientation of question-
able segments. In two cases, segments of broken core were clearly inverted

before the lines were drawn.

In all cases of inclination change described in this paper, the relevant core sec-
tions can be unambiguously fitted to adjacent core segments with normal inclina-
tions and all lithologic/structural variations are oriented consistently within the
context of that particular region of the core. When present, the partial thermal
overpriﬁts from normal-polarity overlying flows rule out multiple-flow slumps and
self-reQersing magnetic components. Thermomagnetic experiments and determi-
nations of paleointensity did not reveal evidence for self-reversing mineralogy

[Garnier et al., this issue].

During the drilling operation, the position of the hole at depth was obtained by
magnetic single-shot surveys to determine the direction and angle of the drill
hole. This was used to test the validity of our assumption that the sides of the
core were positioned vertically. These measurements show that the hole was an
average of 1.7° from vertical, with a surface projection of the bottom of the hole
located 31.32 m from the top of the hole at an azimuth of 248° (Table 1). Indi-
vidual depth intervals between measurements smoothly ranged from 0.5° to 2.5°
from vertical. Based on these data we can assign a specific uncertainty to

samples from each depth interval (Table 1).



119

Detailed studies of the sources of error in outcrop-based paleomagnetic studies
of Hawaiian lava flows have been performed by Doell and Cox [1963] and
Holcomb et al. [1986]. Given the results of their studies and the circumstances of
this study, the two largest presumed sources of error in our data are the possible
rotation of blocks or intraflow deformation after individual flows have cooled
below their blocking temperatures and the influence of magnetic anomalies
existing over the paleosurface where the flow was deposited. Block rotations are
difficult to detect, but in general the upper portions of some flows show the most
evidence for possible small-scale block rotations during cooling. These areas,
identified by their rubbly, blocky appearance were avoided by sampling the interi-
ors of flows. The shifts in inclination reported here are typically recorded in only
one or two flow units. It would be unlikely for large-scale block rotation or slump-
ing to affect these units without affecting immediately underlying or overlying
units. Flow contacts in units suspected of rotation were examined for this, as
large rotations of individual units should drastically alter the continuity of flow
contacts. The error due to intraflow deformation measured by Holcomb et al.

[1986] was ~2.0°.

The unéertainties arising from local magnetic anomalies are perhaps the largest
unknoWn factor, and according to some workers [Baag et al., 1995] could render
paleomagnetic data from highly magnetic rocks such as basalts completely
uninterpretable. On the other hand, Doell and Cox [1963] performed compari-
sons of paleomagnetic measurements and geomagnetic observatory data for
historic flows, and discrepancies were estimated to be 1° - 1.5°. An analysis of
hundreds of paleomagnetic sampling sites by Holcomb et al. [1986] led to an

estimate of 2.2° for the error due to local magnetic anomalies, and Hagstrum and
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Champion [1994] found that paleomagnetic directions recorded by historic flows

were not significantly affected by local magnetic anomalies.

We computed the 1 o error for individual lava flows by assuming + 2° of error
from intraflow deformation and + 2.2° of error from magnetic anomaly effects
[Holcomb et al., 1986] along with the appropriate value of vertical uncertainty
from Table 1. These uncertainties were added in a root-mean-squared fashion to
the within-flow dispersion inherent in the paleomagnetic data. The resulting 1 ¢
error for all 195 lava flows has a mean value of 4.96°, which is consistent with the
estimate of ~ 5° for intraflow variations by Hagstrum and Champion [1994].
Some flows with high dispersion may actually be compound flows comprised of
distinct subunits. This is the case for flow unit 15, which we subsequently divided
into two flows for this study. While uncertainties of this magnitude may be signifi-
cant for highly detailed secular variation studies for short time periods [e.g.,
Holcomb et al., 1986; Hagstrum and Champion, 1994], they are relatively insig-
nificant for the purposes of this study, where the relevant inclination shifts are of

the order 25° - 80° and long-term secular variation changes are of the order 60°.

General Results

Nearly all samples exhibited stable demagnetization behavior, with highly linear
demagnetization paths occurring after AF levels of 0 - 40 mT (Figure 2a). Inclina-
tions for individual samples were determined by principal-components, least-
squares analyses [Kirschvink, 1980] and were averaged for each of the 195
sampled flows along with inclination data from thermal demagnetizations of
single samples from 104 of the same flow units [Garnier et al., this issue] . Of the

flow units which have both types of data, thermal and AF demagnetizations
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produced nearly identical results. Twenty-four samples near the tops of flow
units showed strong evidence for partial remagnetization by the overlying flow,
and these were removed for computing flow averages, leaving 705 total samples.
The inclination data may be downloaded directly from the HSDP World Wide
Web site (http://expet.gps.caltech.edu/Hawaii_project.html) or the Caltech
Paleomagnetics Laboratory site (http://www.gps.caltech.edu/MagLab/) and will

be updated as more samples are analyzed.

Flow inclination means and their + 1 ¢ total uncertainties are shown in Figure 3
as a function of depth and interpolated age. The age interpolation was per-
formed as three separate linear fits (0 - 180 m, 180 - 416 m, and 416 - 1050 m),
based on K/Ar and 40Ar/39Ar dates on whole-rock samples [Sharp et al., this
issue], one radiocarbon date based on two ashes at 178 m depth [Beeson et al.,
this issue], and the constraint that the top of the core is approximately zero age.
This is intended to provide a crude approximation of paleomagnetic inclination as
a function of age down the core. This also aids in estimating the approximate
time-resolution of the data, although rates of deposition could be highly variable
on short timescales. If rates are assumed to be linear, the three intervals de-
scribed above would have average deposition rates of one lava flow per every 3
kyr from the present to ~ 40 ka, every 7 kyr from ~ 40 ka to ~ 285 ka, and 0.6 kyr
from ~ 285 ka to ~ 400 ka, respectively. Such variations are expected due to
changes in eruptive style from the early shield-building stage of Mauna Kea to a
slowdown in growth, followed by a transition to volcanics from Mauna Loa, which
is now growing more rapidly than Mauna Kea [DePaolo and Stolper, this issue;

Lipman and Moore, this issue].
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To a first order, the paleomagnetic inclination record in the HSDP core shows
large, mostly continuous inclination swings, ranging from approximately 0° - 65°.
However, there are also short flips of polarity and sudden shifts of inclination
away from consistent trends to shallow values. Some of these features are
followed by a continuation at the same trend of inclination as before the depar-
ture. If this is of geomagnetic origin, it could have very important consequences
to our understanding of the relationship between secular variation and excursions
of the geomagnetic field. In the following sections we present details of the
specific geomagnetic phenomena and discuss the secular variation recorded by

the HSDP core.

Geomagnetic Phenomena

Feature A

Beginning with the topmost feature, there is an abrupt change of paleomagnetic
inclination at 177 m depth (Figure 4) from a steady trend of high positive inclina-
tions (~45°) in units 30 through 27 to a very shallow inclination of 0.9° £ 3.2° in
unit 23. This unit is a 10-m-thick, massive, aphyric basalt which spans three
different core runs. The pattern of inclination variation surrounding unit 23 is one
of steadily increasing values from +43.8° + 6.0° in unit 30 (205.1 m) to +54° +
3.37°in unit 20 (160.9 m). The jump to shallow inclination in unit 23 is followed
by a return to the same trend. There is the possibility that there are substantial
changes in the field direction between successive lava flows, and that unit 23 is
merely “catching” a typical swing of secular variation. However, it would be
difficult to achieve the consistent trend of inclination recorded between flows 30

and 20 by randomly sampling a distribution of secular variation with a dispersion
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equal to that seen in the overall core. If the shallow inclination of unit 23 is the
result of “normal” secular variation occurring briefly during an extended time of
subdued variation, then this becomes a matter of definition. Shallow inclinations
could also result from a large-scale rotation of a block of unit 23 subsequent to
cooling. This would produce highly irregular flow contacts, especially at the top
of the unit. Examination of the core material shows uniform, gradational flow
contacts at both the top and bottom of this unit, indicating that significant block
rotation did not occur. The anomalously shallow inclination of unit 23 thus ap-

pears to not be a feature of secular variation or block rotation.

Units 24 - 26, directly underlying unit 23, were not sampled. Unit 25 is a thin (0.3
m) basalt; units 24 and 26 (with an average depth of 178 m), are volcanic ashes
and have a weighted average radiocarbon date of 38.6 + 0.6 ka [Beeson et al.,
this issue]. This date is also consistent with the island submergence curve of
Lipman and Moore [this issue]. These data constrain the shallow inclination of
unit 23 to have occurred very close in time to the Laschamp event, first discov-
ered by Bonhommet and Babkine [1967] and K/Ar dated at 42.9 + 7.8 ka [Levi et
al., 1990]. The sedimentary record of Levi and Karlin [1989] from the Gulf of
California (7° higher latitude) displays a sudden shift of paleomagnetic inclination
from normal steep values to +3° in this time period, which they infer to be correla-

tive with the Laschamp event.

Preliminary paleointensity measurements on HSDP core samples [Garnier et al.,
this issue] indicate that this feature may be associated with a low geomagnetic
field intensity. Low paleointensities have been associated with anamalous paleo-
magnetic directions in volcanics of this approximate age in Iceland [Levi et al.,

1990] and France [Roperch et al., 1988; Chauvin et al., 1989], and in sediments
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of this age from the western Pacific [ Yamazaki and loka, 1994], to name a few
examples. The coincidences of age, preliminary paleointensity determinations,
and anomalous inclination behavior lead us to interpret this feature as possibly

being associated with the Laschamp event.

Feature B

At 261.5 m depth, paleomagnetic inclination changes from +46.4° £ 5.5° in unit
43 to - 32.6° £ 3.7° in unit 42 (Figure 4). Unit 43 is an 18.3-m-thick moderately
olivine phyric basalt, while unit 42 is a 0.25-m-thick aphyric basalt. Unit 41,
directly overlying unit 42, is a 0.25-m-thick weathered ash which was not
sampled. Unit 40 is a 1.7 m thick highly olivine phyric basalt and records a
negative inclination of approximately -44° (single sample) which is fully opposite
the pre-reversal value. Moving upward, there is an erosional surface within unit
39 (at 258.8 m depth) including a baked sand layer on top. We obtained a re-
versed magnetization for a sample just below this contact, suggesting that unit 39
is a compound flow and the bottom of unit 39 is a distinct flow approximately 0.3
m thick (designated in Figure 4 to be unit 39.5). This unit yielded a shallow,
negatiVe inclination (-7°), which may be either a transitional direction or the result
of partial remagnetization by unit 39 above. Unit 39, a 1-m-thick sparsely olivine
phyric basalt, records a positive inclination (22.8° £+ 7.8°) immediately above the

contact with unit 39.5.

This polarity shift is especially interesting because it falls very close to the bound-
ary between Mauna Kea flows (below) and Mauna Loa flows (above) at ~280 m
depth [Stolper et al., this issue]. Beach sands present in unit 38 indicate that

these units were deposited very close to sea level. The island submergence
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curve of Lipman and Moore [this issue] provides an approximate upper constraint
on the age of this boundary at 95 ka. The lack of adequate potassium in lava
flows from this region of the core has hampered dating efforts, although Sharp et
al. [this issue] have produced an 40Ar/39Ar age of 132 + 32 ka for unit 43 (268.2
m depth, Figure 4).

The most widely documented excursion or event near that time is the Blake
event. This event has been reported from studies of deep sea sediments [e.qg.,
Smith and Foster, 1969; Creer et al., 1980; Tric et al., 1991], lacustrine sediments
[Eardley et al., 1973; Yaskawa, 1974], and loess deposits [Zhu et al., 1994] . A
whole-rock K/Ar age of 128 + 33 ka was obtained by Champion et al. [1988] from
a basalt flow in New Mexico which displays a transitional paleomagnetic direction
and low paleointensity. This age is consistent with those obtained for the Blake
event from sedimentary extrapolations of deposition rate, which range from 105
ka [Ryan, 1972] to 161 ka [Aksu, 1983]. The global nature of the Blake event
has been fairly well established, and it appears to have lasted 4 - 16 kyr based
on average sedimentary deposition rates. Using the rough estimates of time-
resolution described above, the average time between flows which we have
sampled is of the order 3 - 7 kyr. Although the short-term rates of lava deposition
could be highly variable, the fact that 3 - 4 flows in the HSDP core recorded
negative inclinations indicates that the event we observe at 260 m may have
lasted for several thousands of years. Due to the strong evidence for reversed
directions and the available dating constraints, we correlate this event with the

Blake event.
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Feature C

At ~ 320 m depth, inclinations jump from +31.5° £ 6.4° in unit 56 to a fully re-
versed -48.2° £ 4.6° in unit 55, which is a 5.4 m thick moderately- to highly-olivine
phyric basalt spanning two core runs (Figure 4). The reversed inclinations of unit
55 are followed by a return to positive inclinations in unit 54. This feature is
surrounded by a gradually decreasing trend of positive inclination (Figures 3 and

4) which continues after the jump in unit 55.

Potassium content in this region of the core was much more favorable to 40Ar/
39Ar dating techniques. This feature is well bracketed by the four dates [Sharp
et al., this issue] between 299 m and 416 m shown in Figure 3. Since unit 55
was clearly deposited between two of the dated flows, even the most conserva-
tive approach yields the useful constraint of 191 - 236 ka by taking the extreme
limits for the ages immediately above and below. The lava deposition in this
interval has resulted in a linear relationship between age and depth (or flow unit)
within analytical uncertainty, yielding an estimate for unit 55 of 226 + 7 ka [Sharp

et al., in press].

Ryan [1972] identified several brief polarity reversals in sedimentary cores from
the Caribbean and Mediterranean, one of which he estimated to be ~200 ka old.
He named it the Jamaica event and since that time there have been other studies
(reviewed by Champion et al. [1988]) identifying reversed-polarity rocks of similar
age, including the Lake Biwa record of Yaskawa [1974]. Recently, Herrero-
Bervera et al. [1994] have produced multiple records of a reversed-polarity inter-
val which they dated at 218 = 10 ka and named the Pringle Falls event. This

matches the estimated age of feature C within uncertainties. The dates (with
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associated errors) reported for the published records of events near this time
cannot rule out the possibility that there is only one event near 200 ka, and we
observe only one event in this period. While our record could have missed other
nearby events, it does provide support for at least one global polarity event
occurring in the time period 191 - 236 ka. We will refer to this as the Jamaica/

Biwa I/Pringle Falls event.

In order to further characterize this event, we undertook progressive stepwise
thermal demagnetizations of samples from near the top of flow unit 55 and the
top of flow unit 56. This was done with the goal of finding partial thermal over-
prints p'roduced by the emplacement of a hot flow unit on top of the already
cooled flow. Stepwise demagnetization enables measurement of the relative
declination change between the primary magnetization and the partial overprint
[Champion et al., 1988], which is important in discerning excursions or polarity

events from large swings of secular variation.

For this experiment, seven samples were taken 1.65 m —2.98 m from the top of
flow unit 55 (below an altered zone of rubble), and five samples were taken 0.2 m
— 0.5 m from the top of flow unit 56. These samples were thermally demagne-
tized in ~50° C increments up to 405° C. There was no detectable overprint in
unit 56 from reheating by unit 55. For the samples from unit 55, blocking tem-
peratures of the overprint increased from essentially 0° C for the top sample (no
overprint) to ~250° C for the lowest sample. The lower four samples yielded
overprints sufficient for least-squares principal component analysis [Kirschvink,
1980] and comparison with primary magnetizations. A representative thermal
demagnetization is shown in Figure 2b. The phenomenon of stronger overprint-

ing toward the center of the flow may be related to a change in coercivity of the
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carriers of remanence as a function of cooling rate, which has been noted previ-
ously in Hawaiian basalts [Doell and Cox, 1963, 1965]. The top of the flow, which
cools more quickly than the middle, is typically finer grained and can result in
magnetic domains of higher coercive force. A detailed study of a 30 m - 60 m
thick basaltic lava flow in the northwestern United States [Audunsson and Levi,
1992] also showed that there can be extensive zonation of magnetic properties in

a lava flow with the central section being less magnetically stable than the upper.

An equal-area diagram showing both components from the four lowest samples
in unit 55 is shown in Figure 5. The inclination of the overprint matches that
determined from samples of unit 54, within error. Based on these preliminary
results, the relative declination change from the primary component to the over-
print component is 75.4° £ 10°. This confirms that unit 55 recorded a drastic
change in total paleomagnetic direction at ~226 ka. The detailed correlation of
this event with published records of the Jamaica/Biwa |/Pringle Falls event will be

addressed in a separate paper.

Other shallow-inclination features

The remainder of the HSDP core below feature C is characterized by a higher
rate of lava flow deposition and fewer sudden changes of inclination. Although
there are no reversely magnetized samples in this part of the record (Figure 3),
there are five instances below feature “C” where the inclination approaches
horizontal: unit 90 at 465 m depth, units 139 - 141 at ~ 685 m, unit 168 at 826 m,
units 182 and 186 at ~ 895 m, and unit 214 at 1000 m. The age at the bottom of
the core is fairly well constrained to be ~400 ka [Sharp et al., this issue]. These

inclinations are within the limits of secular variation and tend to occur within
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continuous inclination swings, similar to the shallow inclination located at 300 m
depth (unit 49, Figure 4) which occurs immediately after feature C and at the end
of a long swing of inclination from much higher values (Figure 4). It is possible
that one or more of these periods of shallow inclination may be related to previ-
ously recorded excursions or events, but without declinations or more precise
age control, any attempts to perform such a correlation or to even claim that they

are excursional would be highly speculative.

Secular Variation

Much has been written concerning the hypothesis of a lack of non-dipole geo-
magnefic field components in the central Pacific region [Doell and Cox, 1971,
1972; McWilliams et al., 1982; Peng and King, 1992; Mankinen and Champion,
19983]. This has not been extended back in time more than ~15 kyr due to the
paucity of older data sequences. Although the HSDP core data are inclination-
only, they may be used to address several important questions regarding secular
variation and non-dipole field components in general. The mean inclination for all
flows, excluding those with reversed inclinations, is 30.9° as calculated according
to McFadden and Reid [1982] for inclination-only data, with an ag5 radius of
2.27°. This is significantly lower than the 35.6° expected from a geocentric axial
dipole, and consistent with a time-averaged field including an axial quadrupolar
(920) component [Wilson, 1970, 1971]. The dispersion of the inclination data
about the mean is 12.5°, which agrees with the dispersion of inclination disper-
sion data for 0 - 5 Ma from global secular variation databases [e.g., Quidelleur et
al., 1994] and the predictions of simple secular variation models [e.g., Constable
and Parker, 1988; Quidelleur and Courtillot, in press]. Hence, there is a signifi-

cant non-dipole field contribution when averaging over the past ~400 kyr. How-



130

ever, the inclination data (Figure 3) show considerable variation in their mean
and dispersion over timescales of ~ 10 - 50 kyr. This may indicate that there are
large variations in the amount of non-dipole contribution to the geomagnetic field,

or possibly even variations in the dipole component, over these timescales.

The data show a pattern of inclination swings which result in a series of repeating
shallow inclination values below 400 m depth (Figure 3). This pattern appears to
be a feature of secular variation with a periodicity of the order ~ 10 - 50 kyr.
Typical secular variation has periodicities less than ~ 10 kyr [Courtillot and
Lemouel, 1988]. Geomagnetic field variations on a longer timescale were re-
cently reported by Yamazaki and loka [1994], who found inclination variations of
several degrees amplitude with a periodicity of 40 - 50 kyr in sedimentary inclina-
tion records from the western Pacific. They suggest that orbital forcing may be
the ultimate source of their long-term inclination variations. This follows the work
of Negrini et al. [1988] who performed a spectral analysis of sedimentary paleo-
magnetic records from the northwest United States and found peaks with
periodigities close to those of orbital parameters. In sediments, however, there is
the possibility that fluctuations of inclination with this periodicity may be the result
of periodic changes in lithology which affect the degree of compaction-induced
inclination shallowing. The record from the HSDP core demonstrates the exist-
ence of a real component of secular variation with a period greater than 10 kyr,
because there are no known processes other than the geomagnetic field which
could affect volcanic records of paleomagnetic inclination in such a periodic
manner. A spectral analysis of the HSDP inclination record is required in order to

address this question in more detail.
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One of the most intriguing aspects of the HSDP inclination data is how short-term
variations of the geomagnetic field appear to be superimposed upon long-term
trends. For example, the inclination jump in unit 55 (feature C, Figures 3 and 4)
occurs during a steady decrease in inclination which persists for at least ~ 50 kyr
around this feature. Although not as pronounced, there is also a consistent trend
surrounding the large inclination shift recorded by unit 23 (feature A, Figures 3
and 4). These observations indicate that short-term deviations of the geomag-
netic field from stable polarity states may not necessarily be related to more

subtle, long-term variations.

Summary

The paleomagnetic inclination record obtained from the pilot core of the Hawaii
Scientific Drilling Project is the longest continuous volcanic record of geomag-
netic field inclination yet reported. This record contains two brief inclination
reversals which we tentatively correlate with the Blake and Jamaica/Biwa I/
Pringle Falls events, and an anomalous inclination which may associated with
the Laschamp event. These are the first records of these events to be found in
the central Pacific region, and provide evidence that they are global features
rather than localized perturbations of the geomagnetic field. Long-term variations
of the geomagnetic field are recorded in the HSDP core and are significant when
conservative estimates of the known uncertainties are included. Two of the
sudden inclination shifts (the Jamaica/Biwa I/Pringle Falls and the possible
Laschafnp records) appear to be superimposed upon these long-term trends.
This rhight suggest that sudden changes of geomagnetic field direction (e.g.,
excursions or events) and long-term secular variation are caused by two sepa-

rate processes that produce geomagnetic field variations at different timescales.
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Depth (m) N-S (m) E-W_(m) Total (m) T.A.D. (deg) P.A.D. (deg)
0 0 0 0 0

68.28 0.01 -0.59 0.59 0.5 0.5
184.1 -0.18 -2.59 2.6 0.81 0.99
288.65 -1.02 -5.91 6 1.19 1.86
367.28 -1.8 -9.25 9.42 1.47 2.49
457.2 -2.44 -12.52 12.76 1.6 2.12
548.64 -3.26 -15.6 15.93 1.66 1.99
640.08 -3.95 -18.49 18.91 1.69 1.86
731.52 -4.51 -21.42 21.89 1.71 1.87
827.283 -5.51 -24.38 24.99 1.73 1.85
944.88 -6.94 -27.39 28.26 1.1 1.59
1054.61 -8.22 -30.23 31.32 1.7 1.6

Table 1. Measurements of the deviation of the drill hole from vertical, adapted from Stolper and

Baker[1994]. N-S is deviation in North (+)/South (-) plane; E-W is deviation in East (+)/West (-)
plane; total is the resultant of N-S and E-W deviations; T.A.D. is total (average) angular deviation
at the measured depth; P.A.D. is partial angular deviation, or the deviation from vertical between
successive measurements. The P.A.D. is used in computing the uncertainty of the inclination

measurements for paleomagnetic samples.
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Figure 1. Location map showing the island of Hawaii, largest of the Hawaiian Islands (inset,
upper right). The core was drilled near the shore at Hilo (open circle). Boundaries are shown for
surficial lava flows from Kohala (KO), Mauna Kea (MK), Hualalai (H), Mauna Loa (ML) and

Kilauea (K) Volcanoes in order of general age (after Rubin et al. [1987]).
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Figure 2. Demagnetization diagrams. Orthogonal projections of declination onto the horizontal
plane (solid squares, vertical axis North) and inclination onto the vertical plane (open squares,
vertical axis Z or Up). (a) Alternating-field demagnetization of a typical sample with positive
inclination. Demagnetization levels are in mT. (b) Thermal demagnetization of a negative-
inclination sample from unit 55, showing a partial positive-inclination overprint from the overlying

flow, unit 54. Demagnetization levels are in degrees Celcius.
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Figure 3. Overall inclination record and interpretation. Mean flow inclinations with £ 1 s error
bars calculated from all known uncertainties plotted as a function of depth (left) and interpolated
age (middle). All ages are from Sharp et al. [this issue], except for (1) from Beeson et al. [this
issue]. Uncertainty calculations and age interpolations are discussed in the text. Geomagnetic
polarity timescale for the past 500 ka (right) is adapted from Champion et al. [1988]. The inclina-
tion data is available from the HSDP World Wide Web site (http://expet.gps.caltech.edu/

Hawaii_project.html) or the Caltech Paleomagnetics Laboratory site (http://www.gps.caltech.edu/
MagLaby/).
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Flow unit numbers and the number of paleomagnetic samples from each (in parantheses) are
shown for selected units. Ages are discussed in text and in Figure 3. Mauna Loa/Mauna Kea
boundary shown for reference [Stolper et al., this issue].
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Figure 5. Equal-area diagram showing both overprint directions (solid circles, lower hemisphere
projections) and primary directions (open circles, upper hemisphere projections) from samples of
unit 55 subjected to stepwise thermal demagnetization (Figure 2b). The agg ellipses for the
Fisher means [Fisher et al., 1987] of each component and associated stastistics (D, declination
east of north; |, inclination, positive downward; k, precision parameter; N, number of samples) are

shown. The relative declination change is 75.4° + 10°.
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Il. An age constraint on Gulf of California rifting
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Abstract

Marine sedimentary rocks of the Santa Rosalia basin, Baja California Sur, were
sampled in a pilot study to determine their suitability for magnetostratigraphy and
geochronology with the goal of providing an age constraint on Gulf of California
rifting. Progressive demagnetization experiments reveal that sandstones of the
Boleo Formation, the earliest formation overlying the deeply-eroded basement,
carry tWo-component magnetizations. The low-coercivity component matches
the present-local field direction and is interpreted as a secondary overprint. The
high-coercivity component appears to be a stable primary magnetic remanence
with stratigraphically-bound normal-and reversed-polarity directions. Samples
from the same horizon as a copper ore deposit did not retain a stable high-
coercivity component. An 40Ar/39Ar isotopic age of 6.76 + 0.45 Ma (1c) was
obtained for the cinta colorada, a tephra deposit within the Boleo Formation.
Using the magnetostratigraphic constraints in conjunction with this isotopic age,
correlation with the geomagnetic polarity time scale is possible, but depends on
the exact age used for the cinta colorada and average sedimentation rates for
the Boleo Formation. The most likely correlation yields an age of 7.1 £ 0.05 Ma
for the'base of the Boleo Formation and 6.21 + 0.06 for the top, with an average
sedimentation rate of 28 + 4 cm/kyr. This is much earlier than the ~ 3.6 Ma
commencement of seafloor spreading at the mouth of the Gulf of California and
is probably related to an early phase of Gulf rifting caused by a change in Pacific

- North America plate motions.
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Introduction

The Gﬁlf of California formed as a result of continental rifting and the transfer of
crust between the North American and Pacific plates. This process began as
early as ~ 12 Ma when the relative motion between the Pacific and North
America plates began to change from obliquely convergent to strike-slip [Stock
and Hodges, 1989]. The role of the offshore subduction zone and other faults
associated with the oblique convergence decreased as the plate boundary even-
tually established itself within the present-day Gulf of California. Seafloor
spreading in the southern Gulf began at ~3.6 Ma [Larson, 1972; Curray and
Moore, 1984; Lonsdale, 1989], and is usually interpreted as the completion of

peninsular transfer to the Pacific plate.

The transfer of the Baja California peninsula to the Pacific plate was a gradual
process, however. According to some models [Lonsdale, 1989; Umhoefer et al.,
1994] , there may have been three distinct stages of development related to this
process beginning with extension along the former volcanic arc from ~ 12to ~ 6
Ma, the development of transform faults and pull-apart basins in from ~ 6 Ma to ~
3.5 Ma, after which the peninsula was completely transferred to the Pacific plate
and its motion relative to North America increased. However, the rate of diver-
gence of Baja California from North America based on spreading lineations in the
Gulf is slower than that predicted from global plate circuits since 3.6 Ma [DeMets,
1995], indicating that the peninsula was not completely coupled to the Pacific

plate at that time.

In addition to seafloor lineations, information about Gulf of California rifting may

come from sources on land. A distinctive pre-15 Ma conglomerate channel
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deposit was correlated across the Gulf, suggesting ~ 300 km of extension since
its deposition [Gastil et al., 1981]. Extension and strike-slip faulting related to
rifting has occurred within the Gulf Extensional Province surrounding the Gulf of
California [Gastil et al., 1975; Stock and Hodges, 1990; Lee et al., 1996]. The
faulting in this area gives us much information about the timing of early exten-

sion, but its relationship to actual Gulf formation is not clear.

A direct method for constraining the formation of the Gulf of California is the
dating ‘of marine sediments exposed along its margin. Numerous localities
around the northern Gulf contain Pliocene marine rocks, but in several locations
late Miocene, or even middle Miocene, marine rocks crop out or have been
recovered from drill holes [summarized by Smith, 1991]. There is a caveat,
however. This “protogulf’” and its related pre-Pliocene extensional structures may
have originated by plate boundary motion [Spencer and Normark, 1979;
Hausback, 1984; Humphreys and Weldon, 1989; Stock and Hodges, 1989], but
alternative hypotheses include Basin and Range extension [Dokka and Merriam,
1982; Curray and Moore, 1984; Henry, 1989] and back-arc extension [Karig and
Jensky, 1972] unrelated to the plate boundary reconfiguration. Whether or not
the protogulf is related to plate boundary motions, models which attempt to
explain the paleogeography of the Gulf of California must account for the timing
of marine sedimentation there. Since the age of marine rocks is yet to be estab-
lished for many locations around the Gulf, the potential exists to substantially
improve these models and perhaps to further our understanding of the rifting

process.

Many of the marine sedimentary rocks found in the Gulf margins contain fossil

assemblages which aid in correlations, in constraining paleogeography, and, to
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some extent, in determining the general age of the rocks. For example, some
fossils from sedimentary rocks in the Santa Rosalia area correlate with those
found jn several marine sequences around the Gulf [Smith, 1991], possibly
including the Imperial Formation at the northern limit of the Gulf [Wilson and
Rocha, 1955]. Unfortunately, many of these fossils are mollusks whose
chronostratigraphic ranges are not well known [Smith, 1991] and may vary with
latitude, as studies of some Gulf of California index fossils have suggested
[Natland, 1950; McCloy et al., 1988]. It is therefore useful to have an indepen-
dent means by which to correlate and date marine sedimentary rocks around the
Gulf margin. In this paper we report on a preliminary paleomagnetic and geo-
chronologic study of early marine sediments from the Santa Rosalia basin, Baja

California Sur, Mexico which was undertaken with this goal in mind.

Geologic Setting and Stratigraphy

In the Santa Rosalia area (Fig. 1), basement rocks are overlain by volcanic and
sedimentary rocks of both marine and non-marine origin. Marine fossils within
these rocks indicate the first transgression of oceanic waters into this area.
These rocks are primarily located within the Boleo copper district, an ~ 30 km?2
area surrounding Santa Rosalia (Fig. 2). Due to the economic importance in the
copper ore, this area has been mapped in considerable detail [Wilson and
Rocha, 1955], and mining activities have continued intermittently until the present
day. Predominately NNW-SSE striking dextral-normal faults have produced
substantial dip in many of the sedimentary sequences, exposing the oldest rocks
in arroybs trending at approximately at right angles to the coast (Fig. 2). Bedding

dips rahge from subhorizontal to ~ 50° in the sampled units.
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A generalized stratigraphic section for this area is shown in Fig. 3. Forming the
basement, but scarcely outcropping in the Santa Rosalia area, is a quartz
monzonite of unknown age which is overlain by a succession of andesitic to
basaltic volcanic and pyroclastic rocks known as the Comondu volcanics [Wilson,
1948; Wilson and Rocha, 1955]. These volcanic rocks, dated at 12.3 + 0.4 Ma
and 12.5 = 0.4 Ma [Sawlan and Smith, 1984], are strongly deformed and eroded,

with ~450 m of paleorelief.

Unconformably overlying the Comondu volcanics is the Boleo Formation, a
deltaic marine sequence with an average thickness of 140 m and consisting of a
basal marine limestone overlain by localized gypsum and fossiliferous sandstone
lenses, tuffaceous sandstone, and conglomerate [Wilson, 1948; Wilson and
Rocha, 1955]. In places, the basal limestone has a primary dip of up to 30°,
overlying topography on the Comondu volcanics. In outcrop, the bulk of the
Boleo Formation consists of alternating, thick (3 - 70 m) sandstone and conglom-
erate layers. The location of the maximum conglomerate thickness moves sea-
ward in progressively higher layers [Wilson, 1948], indicating a seaward migra-
tion of the depocenter over time. This could be due to concurrent deepening of

the profogulf or to local uplift.

The five principal copper-ore-bearing horizons of the Boleo copper district are
found within this formation [Wilson and Rocha, 1955] just above conglomerates
and within tuffaceous sandstone layers. The megafossils of the Boleo Formation
are found in localized channel deposits and deposits draping volcanic vents close

to the irregular, rugged shoreline in shallow waters [Wilson, 1948; Wilson and
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Rocha, 1955; Smith, 1991]. The Boleo Formation has variously been assigned
an age of upper Miocene [Aguilera, 1906; Amold, 1906] to lower or middle
Pliocenge [Hertlein and Jordan, 1927; Wilson, 1948; Durham, 1950; Wilson and
Rocha, 1955] based on its fossil assemblage, and some of its fossils have been
correlated to upper middle Miocene strata on Isla Tiburon in the northern gulf

[Smith et al., 1985].

A key stratigraphic unit within the Boleo Formation is a reddish to purplish
coarse-grained cinder bed known as the “cinta colorada,” which, on average, is
about 0.5 m thick and ranges from a few decimeters to about 2 m [Wilson, 1948;
Wilson and Rocha, 1955]. This lithic unit is composed largely of volcanic cinders
of coarse ash to lapilli size, primarily of andesitic composition, with iron oxide
cement (Wilson and Rocha, 1955). Unlike particular conglomerate or sandstone
layers, the cinta colorada is a true time marker as it was deposited at one time
over the entire area. This unit provides an opportunity to obtain a direct isotopic

age for the Boleo Formation.

The top of the Boleo Formation is marked by an unconformity separating it from
another fossiliferous formation. This unconformity is much more prominent
inland than seaward, indicating that uplift of the inland region and/or subsidence
of the gulf continued during deposition of the overlying sequence [Wilson, 1948],
formerly known as the Gloria Formation [Wilson, 1948] and renamed Tirabuzdén
by Carrefio [1982]. The Tirabuzén Formation (25 - 185 m thick, avg. 60 m) is
composed primarily of fossiliferous marine sandstone and conglomerate. Fossils
found within it indicate water depths up to 200 - 500 m [Applegate and Espinosa,
1981]. This environment, deeper than that interpreted for the Boleo Fm. [Wilson

and Rbcha, 1955], continued with the Infierno Formation (5-140 m thick, avg. 55
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m) which unconformably overlies the Tirabuzén Fm. and also consists of fossilif-
erous marine sandstone and conglomerate, wedging into nonmarine conglomer-
ate toward the west [Wilson, 1948]. The Tirabuzén and Infierno Formations have
been regarded as middle and upper Pliocene, respectively, by most authors. The
Pleistocene Santa Rosalia Formation unconformably overlies the Infierno Fm.,

and is comprised of thin fossiliferous sandstone and conglomerate beds.

Paleomagnetism

Sampling

Paleomagnetic sampling was undertaken in arroyos del Boleo and del Montado
(Fig. 2). The Comondu Formation was sampled at site C (Fig. 2) where it directly
underlies the basal limestone of the Boleo Formation. The basal limestone of the
Boleo Fm. was sampled at sites A, B, and C (Fig. 2), the fossiliferous sandstone
at site A (Fig. 2), the cinta colorada at site E (Fig. 2), and the top of the Boleo Fm.
where it unconformably underlies the Tirabuzon Fm. at site G (Fig. 2). The
Tirabuzoén and Infierno Formations were sampled at sites F and H1-H9, respec-
tively (Fig 2). Fifty-one core samples were drilled and oriented within these
formations. The sampling was limited to the fine- to medium-grained units of
each fo'rmation; the conglomerates are too coarsed-grained for paleomagnetic
sampli‘ng. Paleomagnetic core samples were collected with a gasoline-powered
drill using air-cooled, diamond-tipped, 25 mm diameter coring bits. Sample
orientation was determined using a brass orienting sleeve in conjunction with
magnetic and solar compasses. In addition, we obtained oriented block samples
of the cinta colorada for the purposes of paleomagnetic analyses and isotopic

age dating.
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Measurements

Measurements of magnetization were made using a computer-controlled, mag-
neticallly-shielded SQUID magnetometer with a background noise of 5 x 10-12
AmZ2, located within a magnetically-shielded room. After measurements of natu-
ral remanent magnetism (NRM), progressive alternating and thermal demagneti-
zation procedures were used in order to isolate the primary magnetic remanence,
or characteristic remanent magnetization (ChRM), for each sample. Low-level
alternating field (AF) demagnetizations were performed in 1.5 mT steps to a
maximum of 17.5 mT, followed by thermal demagnetizations in 50 °C steps to a

maximum of 675 °C.

Measurements of rock magnetic properties were also undertaken in order to
constrain the carriers of remanence and aid in evaluating magnetization compo-
nents. 'Hysteresis parameters and isothermal remanent magnetization (IRM)
acquis‘ition characteristics were measured on a vibrating sample magnetometer.
The demagnetization of an anhysteritic remanent magnetization (ARM) acquired
in a 1 mT biasing field and 100 mT AF was compared with the demagnetization
of an IRM acquired in an 800 mT pulsed field. This modified Lowrie-Fuller test
[Lowrie and Fuller, 1971] yields information on the domain state of the magnetic

carriers of remanence.

Magnetizations

Progressive demagnetization revealed that most samples contained two compo-

nents of magnetization (Figs. 4a,b). For magnetically stable samples a lower



155

coercivity component is removed after AF demagnetization and thermal demag-
netization to 250°C, and a higher coercivity component is removed from ~ 250°C
to ~ 600°C. The cinta colorada exhibited three components, two of which are
low-coercivity, normal-polarity directions (Fig. 4c). Both normal- and reversed-
polarity high-coercivity magnetizations were observed (Figs. 4a-c). Component
directions were determined using least-squares principal component analysis
[Kirschvink, 1980]. The low-coercivity directions are better grouped before tilt
correction and their in-situ mean is indistinguishable from the present-local-field
(PLF) direction (Fig. 5a). Therefore, we intrepret this component to be a viscous

remanent magnetism (VRM) which is a secondary overprint.

Some samples exhibited erratic demagnetization behavior, achieving neither
linear nor planar high-coercivity remanent magnetization directions, but these are
confined to particular lithofacies or to a discrete stratigraphic horizon. Within the
sampled portion of the Boleo Formation, ChRM’s were unobtainable from the
basal limestone layer (sampled at sites A, B, and C, Fig. 2), the fossiliferous
sandstone, and a discrete stratigraphic horizon within the sandstone. Carbon-
ates are typically very weakly magnetized, and the highly contaminated nature of
the limestone [Wilson, 1948; Wilson and Rocha, 1955] probably further precludes
the preservation of a primary remanence. The fossiliferous sandstone proved to
be too coarse-grained for paleomagnetic analyses, with the possible exception of

one sample (normal polarity).

The only samples which did not hold a ChRM within the lowest sandstone unit of
the Boleo Formation were in precisely the same stratigraphic horizon as copper
ore bed number 4 [Wilson and Rocha, 1955] which is found near this sampling

location (site D, Fig. 2). The lack of a primary magnetization in these samples
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could be the result of hydrothermal fluids related to ore deposition moving
through this horizon, but not everywhere producing the copper ore. The confine-
ment of this effect to a discrete horizon (~ 1.5 m) is consistent with the interpreta-
tion of copper ore deposition by Wilson and Rocha [1955], in which low-tempera-
ture fluids moved along bedding planes, confined by layers of lower permeability.
Samples from the Tirabuzén and Infierno Formations showed low-coercivity
overprints (included in Fig. 5a) but none contained stable high-coercivity compo-
nents. These samples were probably too coarse-grained for a depositional
remanence within the matrix to overcome the magnetic fields produced by larger

grains oriented by other processes.

The high-coercivity directions for all samples which held ChRM'’s are shown in
Fig. 5b. The mean of the tilt-corrected normal-polarity samples from the Boleo
Fm. is statistically distinct from the in-situ present local field direction, and is due
north, within uncertainty. The four reversed directions are due south within un-
certainty. The normal and reversed directions are antipodal, with a positive
reversal test [McFadden and McElhinny, 1990]. Due to these observations and
stratigraphically-bound polarity reversals, we interpret the high-coercivity magne-

tizations as a primary magnetization, or ChRM.

Rock magnetics

Magnetic hysteresis parameters for a representative sample of the Boleo Fm.
(Fig. 6a) suggest that single- or pseudo-single-domain magnetite is the primary
carrier of remanence, in support of the Lowrie-Fuller test results which suggested
the same domain-state characteristics. The IRM acquisition (Fig. 6b) is indicative

of magnetite, due to the remanence becoming nearly saturated in fields of ~ 200
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mT. Some higher-coercivity material such as goethite or hematite could be
present, however. No difference in ChRM characteristics were observed be-
tween samples which yielded normal polarity directions and those of reversed
polarity. Many samples held coherent magnetization directions up to 650°C,
however (Fig. 4), indicating that at least part of the ChRM may be held by hema-
tite.

Magnetostratigraphy

When the samples are viewed in stratigraphic context, two different geomagnetic
polarity zones are observed (Fig. 7) which include three different stratigraphic
levels. There is a normal-polarity zone in the basal part of the Boleo Formation,
below the cinta colorada. The cinta colorada and the top of the Boleo Fm. are
reversed polarity. The normal- and reversed-polarity samples are antipodal (Fig.
5b), within uncertainties. The possibility exists that more polarity reversals occur
in unsampled intervals, but the three magnetostratigraphic control points avail-
able from these data, with the ~ 30 m of normal-polarity section at the base of the
Boleo Formation, provide useful constraints for correlating this formation to the

GPTS, as will be discussed later.

Geochronology

Samples of the cinta colorada were collected (site E, Fig. 2) for isotopic dating
using the 40Ar/39Ar method [Merrihue and Turner, 1966; McDougall and
Harrison, 1988]. A sample was crushed and plagioclase crystals were obtained
by conventional heavy-liquid, magnetic, and hand separation techniques. Irradia-

tion was performed at the nuclear reactor at the University of Michigan, with the
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Fish Canyon Tuff sanidine [Cebula et al., 1986] as the primary flux monitor, with
an assigned age of 27.8 Ma. The J-factor [Grasty and Mitchell, 1966] calculated
for the irradiation was 7.9696 x 10-4 for this sample. Analyses were performed at
the University of California, Los Angeles, on a VG3600 rare gas mass spectrom-
eter operated at 40Ar sensitivity of 1.85 x 1017 mol/mV with 2% uncertainty.

The mass discrimination factor was 0.9934 + 0.0021, determined by measuring
atmospheric argon. Seventeen aliquots of plagioclase (~0.5 to 1.5 mg) were

heated by a 5 W continuous laser for 1-3 minutes.

Due to the low amount of radiogenic argon in these aliquots (0.49% - 37.29%,
mean 12.6%) model ages are not meaningful. Therefore, the inverse isochron
method [ Turner, 1971; Roddick, 1978] is used to determine and evaluate the age
(Fig. 7). The points on this diagram should define a mixing line between trapped
initial argon and purely radiogenic argon. The regression technique of York
[1969] was used for the linear least-squares fitting, yielding an x-intercept of
0.212, with an uncertainty of 1.49 x 10-2. Measurement blanks were calculated
by linear interpolation between calibration blanks. This results in an isochron age
of 6.76 + 0.45 Ma (1-sigma) with a mean squared weighted deviation [MSWD,
Mecintyre et al., 1966] of 0.98 which is very close to the ideal value of 1 and well
within the acceptable range for 17 data points [0.31 - 1.69, Wendlt and Carl,
1991] indicating that errors are primarily due to 40Ar, the correlated isotope

[Mclintyre et al., 1966; York, 1969].

The trapped 40Ar/36Ar ratio is 283.7, slightly less than the atmosphere’s 40Ar/
36Ar ratio of 295.5. This could either be due to the trapped initial argon not being
completely equilibrated with the atmosphere or to errors in the analyses. This

amount of deviation could easily be accounted for by slight variations in the mass
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descrimination factor. This would have an insignificant effect on the age, how-
ever, due to the small amount of radiogenic argon, or proximity of the points to

the y-axis (Fig. 7).

Discussion

Age of the basin

The cinta colorada overlies sedimentary rocks of the lower Boleo Fm. (Fig. 3)
and therefore its age of 5.86 - 7.66 Ma (2-sigma) represents a minimum age for
deposition in the Santa Rosalia basin. Since the age of the actual base of the
Boleo Formation is not known, its age can be estimated given its stratigraphic
distance from the cinta colorada and an average sedimentation rate. We do not
have any firm constraints on the rate of sedimentation, but we do have other
information which may be useful for constraining its age. These include magnetic
polarity measurements of the lowest 30 m of the Boleo Fm. (normal), at the cinta
colorada (reversed) and at the top of the Boleo Fm. (reversed). These con-
straints can be used in an attempt to match the top and bottom of the Boleo Fm.
with reversed- and normal-polarity intervals of the geomagnetic polarity time

scale (GPTS), respectively.

As the thickness of the Boleo Fm. varies somewhat and the cinta colorada is not
at the same stratigraphic position everywhere [Wilson and Rocha, 1955], we
have used 50 -90 m for the distance between the base of the Boleo Fm. and the
cinta colorada, and 110 - 180 m for the distance from the cinta colorada and the
top of the Boleo Formation [Wilson and Rocha, 1955]. The age of the top and

bottom of the Boleo Formation can then be calculated as a function of sedimen-
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tation rate given their stratigraphic distances from the cinta colorada. These age
curves are essentially constraints on the range of polarity intervals in the GPTS

which might correlate with the top and bottom of the Boleo Formation.

However, these calculations are highly dependent on the age used for the cinta
colorada, so we must consider the available constraints on that age. The isoto-
pic age’determination yields a probability density function which is Gaussian
[McDo'ugall and Harrison, 1988], centered on the mean isochron age of 6.76 Ma
with a 2-c range of 5.86 - 7.66 Ma (Fig. 8a). In addition, the paleomagnetic
polarity of this unit may be used to further constrain its age. Given that the cinta
colorada has a reversed-polarity paleomagnetic direction, it must have been
deposited during one of the reversed-polarity intervals of the GPTS. There are 7
such intervals within the isotopic age’s 2-sigma range, varying in duration from 34
- 368 kyr (Fig. 8a). The probability that the cinta colorada’s age falls within a
normal polarity interval is zero (Fig. 8a), so the total age probability density func-
tion is a combination of the paleomagnetic and isotopic age probabilities (Fig.
8b). Using these criteria, the most likely age of the cinta colorada is a small
interval surrounding the mean isochron age of 6.76 Ma. When the three ages of
highest probability are compared, the probability that the cinta colorada is 6.76 +
0.18 Ma is 6.5 times higher than the probability at ~7.2 Ma, and 12.4 times higher
than the probability at ~6.25 Ma (Fig. 8b).

Age curves for the top and bottom of the Boleo Formation are therefore calcu-
lated and compared with the GPTS for three cases, using ages for the cinta
colorada of 6.76 Ma (Fig. 9a), 7.2 Ma (Fig. 9b), and 6.25 Ma (Fig. 9c). The
results are summarized in Table 2. The normal subchrons which may be corre-

lated to the base of the Boleo Fm. are limited to those which allow a sufficient
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duration of normal polarity to account for the 30 m of normal polarity section
observed there (depicted by the dotted lines in Figs 9a-c). For example, this
constraint causes subchron C4n.2n to be eliminated from consideration in the
first case (Fig. 9a). Although this subchron appears to be of long duration, it is
not long enough to produce 30 m of normal-polarity section at such low sedimen-
tation rates (< 10 cm/kyr). The combined constraints eliminate any sedimenta-
tion rates outside of the range 24 - 32 cm/kyr for this case, and yield an age of
7.05 - 7.14 Ma for the base of the Boleo Formation. The top of the Boleo is
constrained to be 6.14 - 6.27 Ma.

If the age of the cinta colorada is set to 7.17 Ma (Fig. 9b), the best correlation is
at low sedimenation rates (7.5 - 12.5 cm/kyr). This yields an age for the base of
7.90 - 8.07 Ma (within subchron C4n.2n), and an age for the top of 5.23 - 5.90
Ma. Ih the third case, where the cinta colorada age is set to 6.26 Ma (Fig. 9c),
correlation with the GPTS is possible at sedimentation rates of 30 - 48 cm/kyr,
yielding a basal age of 6.45 - 6.57 Ma (within subchron C3An.2n) and an age for
the top of the Boleo Fm. within the range 5.65 - 5.90 Ma.

The most likely correlation of the magnetostratigraphy and geochronology of the
Boleo Fm. therefore gives an age of 7.1 £ 0.05 Ma for the base of the Boleo
Formation and 6.2 + 0.07 Ma for the top. The sedimentation rate required for this
correlation (24 - 32 cm/kyr) is reasonable considering the deltaic environment of
deposition[ Wilson, 1948], and comparable to those found during basin formation
at Loreto to the southeast [~ 40 cm/kyr, Umhoefer et al., 1994] and in the Imperial

Valley at the northernmost Gulf [>50 cm/kyr, Johnson et al., 1983].
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Tectonic Implications

The age of 7.1 Ma for the base of the Boleo Formation is useful for constraining
models of the evolution of the North America — Pacific plate boundary during the
period ~ 12 Ma to ~ 3.5 Ma. According to some models, the Baja California
peninsula was essentially a microplate during that period, caught in the boundary
zone between the Pacific and North American plates [e.g., Stock and Hodges,
1989]. Relative plate motion was partitioned between the boundaries to the west
and to the east of the peninsula, and the relative amounts of displacement shifted
over time. Strike-slip displacement on faults to the west gradually decreased,
accompanied by an increase in extension along NNW-striking faults to the east.
Although a change in the direction of relative plate motions and the style of
extension may have occurred around 6 Ma [Lonsdale, 1989; Umhoefer et al.,
1994], the timing of increased extension is not well constrained by seafloor mag-
netic lineations, however [Lonsdale, 1989; Stock and Hodges, 1989] The ap-
pearance of marine sedimentation on top of highly eroded basement in the Santa
Rosalia area at ~ 7.1 Ma suggests a sudden change in base level, perhaps due

to an increase in the rate of extension at about that time.

An age of ~ 6.8 £ 0.3 Ma was obtained from pumice lapilli within marine sedi-
ments near Puertecitos, in the northern Baja California Gulf margin (Stock, un-
published data). This is nearly identical to our results from the Santa Rosalia
basin, suggesting that there was an extensive seaway existing in the Gulf region
by ~ 7.0 Ma. This precedes seafloor spreading in the mouth of the gulf by ~ 3.5
myr [e.g., Lonsdale, 1989] and indicates that continental rifting progressed
quickly after the change in Pacific-America relative motion from strike-slip to

obliquely divergent after ~ 12 - 10 Ma [Stock and Hodges, 1989].
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An additional result of the paleomagnetic data is the observation that negligible
vertical-axis rotation has occurred within the sampling area since ~ 7.0 Ma.
Mean directions of normal- and reversed-polarity samples from the Boleo Forma-
tion (Fig. 5b) are aligned with geographic north and south, respectively, within
uncertainty. This is in contrast to results from the Puertecitos volcanic province
where as much as 50° of clockwise rotation has been observed in some areas
[Lewis, 1994] due to block rotation within a dextral shear zone. This implies that
the margins of the Gulf Extensional Province may vary considerably in the man-

ner in which extension is accomodated.

Conclusions

Through the combined use of magnetostratigraphy and geochronology, we have
found that useful age constraints may be obtained from marine sedimentary
rocks in the Gulf of California margin. Although sampling was of a reconnais-
sance nature, the earliest marine sedimentary rocks in the Santa Rosalia basin
were constrained to be 7.1 £ 0.05 Ma (most likely age) using the
magnetostratigraphic correlation with the GPTS, which is a tighter constraint than
using the isotopic age of 6.76 + 0.45 Ma from the cinta colorada tephra unit
alone. The paleomagnetic results also indicate negligible vertical-axis rotation in
the sampling area since ~ 7.0 Ma. More detailed sampling could help to further
verify the GPTS correlation, and to provide a more useful overall
magnetostratigraphy for correlation with rock sequences found elsewhere. When
data such as these are available for more locations around the Gulf, our under-
standing of the paleogeography of the Gulf of California, and hence plate bound-

ary evolution, may be significantly improved.
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TABLE 1. PALEOMAGNETIC SAMPLES

Sample Sample Fm Lith Loc Position GeoDec Geolnc StratDec Stratinc N MAD HTR Notes
Cods No. (m) (deg) (deg) (deg) (deg) (°C)
IFA 9 Inf FS H9 33.6

IFA 8 Inf FS H8 29.6

IFA 7 Inf FS H7 23.6

IFA 6 Inf FS H6 17.6

IFA 5 Inf FS H5 15.6

IFA 4 Inf FS H4 10.6

IFA 3 Inf FS H3 06.0

IFA 2 Inf FS H2 03.0

IFA 1 Inf FS Ht1 00.0

GFA 5 Tir FS F 10.9

GFA 4 Tir S F 08.4

GFA 3 Tir FS F 03.9

GFA 2 Tir FS F 00.4

GFA 1 Tir S F 00.0

BFC 3 Bol TS G 03.0 168.1 -40.1 171.7 -21.8 11 5.1 250-575
BFC 2 Bol TS G 02.5 156.2 -32.2 160.4 -14.7 11 8.1 250-575
BFC 1 Bol TS G 00.0 189.7 -57.0 188.8 -37.1 9 3.3 350-575
CCA 1 Bol T E 179.3 -33.5 180.2 -43.5 7 6.0 325-475
BFB 17 Bol TS D 28.3 317.2 -12.9 317.6 7.4 9 20.4 350-575
BFB 16B Bol TS D 27.8 355.2 10.1 357.5 31.3 5 6.4 500-625
BFB 16A Bol TS D 27.8 354.8 08.4 356.8 29.7 5 6.1 475-575
BFB 15 Bol TS D 26.6 17.2 -24.8 13.7 -6.6 8 6.1 375-575
BFB 14 Bol TS D 26.5 13.1  04.5 16.1 22.9 8 4.5 375-575
BFB 13 Bol TS D 24.0 339.1 -01.1 339.0 20.0 11 4.5 250-575
. BFB 12 Bol TS D 19.0 176.8 -35.2 229.8 -62.9 7 8.8 250-500 likely slumped block
BFB 11 Bol TS D 15.8 2.1 28.8 10.4 46.4 7 4.1 250-550
BFB 10 Bol TS D 15.0 11.6 24.0 19.3 39.1 8 3.1 250-500
BFB 9 Bol TS D 14.6 3.8 15.8 8.1 33.5 9 5.4 325-575
BFB 8 Bol TS D 14.2 ore bed horizon
BFB 7 Bol TS D 13.7 ore bed horizon
BFB 6 Bol TS D 13.0 349.2 14.3 351.1 33.8 9 6.8 325-550
BFB 5 Bol TS D 03.0 323.1 19.3 311.9 45.8 9 5.2 250-500
BFB 4 Bol TS D 02.0 1.4 19.2 5.5 50.8 14 2.6 325-675
BFB 3 Bol TS D 00.3 3.9 09.1 7.4 41.3 14 3.5 B325-675
BFB 2 Bol TS D 00.0 350.9 12.3 350.1 44.3 15 2.5 325-675
BFB 18B Bol L B

BFB 18A Bol L B

BFB 1C Bol L C

BFB 1B Bol L C

BFB 1A Bol L C

BFA 1B Bol L A

BFA 1A Bol L A

BFA 5B Bol FS A

BFA 5A Bol FS A

BFA 4 Bol FS A 345.5 40.5 327.5 43.5 10 4.8 325-625
BFA 3B Bol F§ A

BFA 3A Bol FS A

BFA 2 Bol FS A

QA 1 Cm V. _C 303.2 49.7 16.3 568.6 13 3.0 250-625

Table 1: Paleomagnetic samples in relative stratigraphic order (youngest at top). Fm - formation

(Inf=Infierno, Tir=Tirabuzén, Bol=Boleo, Com = Comondu); Lith - lithology (FS=fossiliferous

sandstone, TS=tuffaceous sandstone, T=tuff, L=limestone, V=andesitic basalt); Loc - location

(see Fig. 2); Position - approximate stratigraphic position within formation at sampling location;

GeoDec - declination of in-situ ChRM direction; Geolnc - inclination of in-situ ChRM direction;

StratDec - tilt-corrected GeoDec; Stratinc - tilt-corrected Geolnc; N - number of pts used in least-

squares; MAD -maximum angular deviation of linear least-squares fit (Kirschvink, 1980); HTR -

high coercivity temperature range. Samples without data were unstable due to coarse-grained

nature of rocks unless otherwise noted. Sample BFB-12 (in italics ) was not used due to highly

suspect bedding indicative of slumping.
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TABLE 2. GPTS CORRELATION SUMMARY

Reference age for Relative Sed. rate Boleo top Boleo base Boleo base

cinta colorada probability* (cm/kyr) (Ma) (Ma) subchron

(Ma)

6.76 1 28 + 4 6.2 + 0.07 7.1 £ 0.05 C3Bn

7.2 0.15 10 £125 5.57 £ 0.34 7.99 £ 0.09 C4n.2n
23 6.62 + 0.05 7.56 C4n.1n

6.25 0.08 39 + 9 5.78+ 0.13 6.51 + 0.06 C3An.1n

* With probability of cinta colorada age being 6.76 Ma set equal to 1

Table 2: Summary of possible correlations of magnetostratigraphy and geochronology of the
Boleo Formation with the GPTS, as depicted in Fig. 9. Reference ages and weighted probability

determinations shown in Fig. 8. Subchron names as defined in Cande and Kent [1995].
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Fig. 1. Santa Rosalia is located within the Boleo Copper District (indicated by box) on the Baja

California peninsula. See Fig. 2 for detail of sampling area.
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Sample Location Map |;
"Boleo Copper District" in Fig. 1
Quaternary alluvium
[ Quaternary gravels
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/ Fault
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Fig. 2. Map of the Boleo copper district with distribution of rock types and major faults. For
location of this area see Fig. 1. Sampling sites are indicated by points marked A - H. “Mio/
Pliocene sed. rocks” includes Boleo, Tirabuzén, and Infierno Formations. Adapted from Wilson

and Rocha [1955].
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Fig. 3: Generalized stratigraphic column and magnetostratigraphy. Rocks of the Santa Rosalia
basin are shown with paleomagnetic polarity (Comondu Fm.) or virtual geomagnetic latitude
(VGP, Boleo Fm.). Stratigraphic column adapted from Wilson and Rocha [1955]. Note that only
samples from the Boleo Formation and Comondu Fm. yielded stable paleomagnetic directions.

One of the samples at 0 m is from the fossiliferous sandstone of the Boleo Formation.
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(a.) Normal Polarity (b.) Reversed Polarity (c.) Reversed Polarity
In-Situ coordinates Tilt-Corrected coordinates Tilt-Corrected coordinates
bfbs, basal Boleo Fm. bfc3, top of Boleo Fm. ccal, cinta colorada
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Fig. 4: Orthogonal demagnetization diagrams. Typical demagnetization characteristics for (a)
normal polarity sandstone (b) reversed polarity sandstone, and (c) reversed polarity cinder tuff
(cinta colorada). Declination (solid squares) is projected onto the horizontal plane; inclination

(open squares) is projected onto the vertical plane. Demagnetization steps are denoted by AF

(alternating field) in milliTeslas or TT (thermal) in °C. The maximum demagnetization step is 650°

for these samples.
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(a.) Low coercivity (b.) High coercivity N

(tilt-corrected)

Boleo Normal

D= 354°, |= 34.6°
VGP: 80N, 102.1W
x=15.5, agg = 10°
N= 14

Boleo Reversed
D=174.3°, 1=-29.7°

In-Situ
D=10.1°, I=50.2°
VGP: 80.5N. 46.9W
k=26.6, 0yg = 4.1°
N=47

VGP: 77.4S, 86.4W
K= 17.1, 0gg = 19.7°
N=4

Tilt-corrected
D=17.3°, I= 59.9° S
VGP: 70.4N, 70W

k=101, o, =6.9°
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Fig. 5: Equal-area plots of magnetic remanence directions. (a.) Low coercivity and (b.) high
coercivity directions. Solid circles represent lower-hemisphere projections, open circles represent
upper. The present local field direction (PLF) for the sampling area is indicated by a square
(lower-hemisphere projection). Low-coercivity directions are consistent with a PLF overprint
acquired after structural tilting. As discussed in the text, this component is removed after low-
level AF demagnetization and thermal demganetization to 250°C, and is therefore interpreted as
a viscous remanent magnetization (VRM). High-coercivity directions include both normal and
reversed polarities which are stratigraphically grouped (see Fig. 3). Parameters of Fisher statis-
tics [Fisher et al., 1987] shown for each grouping (D, declination east of north; |, inclination,
positive downward; k, precision parameter; N, number of samples). Ellipses represent 95%

confidence regions (og5).
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Fig. 6: Rock magnetic experimental results. (a.) Hysteresis parameters (H¢ = bulk coercive

force; Mg = saturation magnetization; My = remanent magnetization). The values of Hg =12 mT

and Mg = 288 A/m/g are consistent with magnetite. (b.) Acquisition of isothermal remanent

magnetization (IRM) in pulsed fields of progressively greater strength. The IRM is nearly satu-

rated in a field of 300 mT, consistent with a magnetite carrier of remanence.
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Fig. 7. Inverse isochron plot of cinta colorada isotopic age data. X-axis uncertainties are smaller
than the data points. Note that the low radiogenic content (points close to y-axis) is the primary
cause for uncertainty in the x-intercept, and hence, age of sample. Arrow on vertical axis indi-

cates composition of atmospheric argon.
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Fig. 8. Constraints on age of cinta colorada. (a.) Probability density function of isotopic age
determination is shown (dashed line), with its associated mean (i), 68% confidence interval (+
15), and 95% confidence interval (+ 2c6). Also shown (solid line) is the probability density result-
ing from the constraint of reversed magnetic polarity for the cinta colorada using the GPTS of
Cande and Kent [1995]. Note that the peak of isotopic age probability falls within a reversed-
polarity interval. (b.) The combined age probability density function resulting from both con-
straints (un-renormalized). The probability that the cinta colorada falls within a given age interval
is proportional to the area under that part of the curve. The area under the peak centered at 6.76
Ma is 6.6 times larger than the next largest area at 7.2 Ma and 12.4 times larger than the area at
6.25 Ma.
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Fig. 9. Correlation of magnetostratigraphy and geochronlogy with GPTS for the three most
probable ages of the cinta colorada : (a) the mean isochron age of 6.76 Ma , (b) 7.2 Ma, and (c)
6.25 Ma. Curved lines represent age of the top (curved left, toward younger ages) and bottom
(curved right, toward older ages) of the Boleo Formation. Dotted lines represent the top of the
normal-polarity zone observed at the base of the Boleo Formation. For a given sedimentation
rate, the space between a solid line (base) and its associated dotted line must fall entirely within a
normal polarity interval of the GPTS., while the top of the section falls within a reversed-polarity
interval. Possible correlations are indicated with filled polygons for both the top and bottom of the

Boleo Formation. Results summarized in Table 2. GPTS from Cande and Kent [1995].





