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Abstract
Oligocene basal sediment samples from Hole U1439A, located
on the Izu-Bonin-Mariana fore arc, were measured to determine
paleomagnetic polarity and paleoinclination. A total of 57 samples
from Cores 352-U1439A-16X through 19X were measured using
thermal demagnetization to isolate the characteristic remanent
magnetization (ChRM). The samples were relatively strongly magnetized, with about half having natural remanent magnetization intensities >100 mA/m. Most samples produced demagnetization
results consistent enough to calculate a ChRM direction using principal component analysis, but the intrasample demagnetization
consistency ranged from good to poor, indicating variable samplerecording fidelity. Paleoinclination values indicate at least two polarity zones, with a zone of normal polarity in Cores 16X and 17X
overlying a reversed polarity zone in Core 18X. Unfortunately, normal paleoinclination values are significantly higher than reversed
values, indicating that a downward-pointing overprint, probably
caused by the drill string, was not completely removed by the demagnetization procedure. Thus, the paleoinclination values appear
biased.

Introduction
International Ocean Discovery Program Expedition 352 cored
at four sites on the Izu-Bonin Mariana (IBM) fore arc during August
and September 2014 (Figure F1). One of the goals of the expedition
was to learn about the tectonic history of the arc, which formed
during the Eocene near the Equator (Hall et al., 1995). Since that
time, the arc has drifted northward ~30° to its present latitude.
During Expedition 352, Oligocene sedimentary rocks were cored
just above the volcanic basement at Site U1439 (see the Site U1439

1

chapter [Reagan et al., 2015]). Preliminary investigations on board
the R/V JOIDES Resolution indicate that these sedimentary rocks
contain a stable paleomagnetism with inclinations shallower than
the present-day field, which is expected for sediments deposited
near the Equator. Because older samples are valuable for recording
the tectonic motion of the Philippine Sea plate, this finding suggests
that we can measure the paleomagnetism of these sediments to determine an Oligocene paleolatitude for Site U1439.
Only a few paleomagnetic samples were measured from these
basal sedimentary rocks during Expedition 352, so we densely sampled the Oligocene cores to obtain many data points, potentially allowing the determination of a precise paleolatitude. These
sedimentary rock cores are characterized by a diverse mixture of
fine- to coarse-grained clastic sediment interbedded with finegrained, nannofossil-rich sediment and sedimentary rock (Reagan
et al., 2015). The sampled section (Cores 352-U1439A-16X through
19X) is well-dated by Oligocene microfossils, which range in age
from ~24 to 34 Ma. Bedding dips in these cores are near zero, implying that there has been no tectonic tilting.

Methods
Samples from the Oligocene cores were cut with a two-bladed
saw into 8 cm3 cubes. The cores were often broken into short segments along bedding planes, resulting in many pieces that were too
small to be oriented. Samples were taken from larger pieces with
vertical sides that allowed vertical sample orientation. Although the
cores contain coarse-grained layers, the larger pieces tended to be
nannofossil-rich carbonate rock, likely deposited during quiescent
sedimentary intervals. Without bedding planes to fracture during
coring, these massive rocks were more likely to produce larger, oriented pieces.
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Figure F1. Expedition 352 coring sites on the IBM fore arc. A. Regional location. Red box is the study area. B. Bathymetry near the drill sites. Contour
interval = 200 m.

Table T1. Paleomagnetic direction data, Hole U1439A. Download table in
CSV format.

tive fields (MDF; the field at which half of the magnetization is removed), often <10 mT (see the Site U1439 chapter [Reagan et al.,
2015]). Because these shipboard results sometimes gave unreliable
directions, thermal demagnetization was used in this study. Stepwise thermal demagnetization experiments were carried out with a
Schoenstedt TSD-1 oven located in a shielded room. After the initial natural remanent magnetization (NRM) was measured, subsequent measurements were made after thermal demagnetization at
50°C steps from 150° to 400°C and 25°C steps afterward up to a
maximum of 600°C. Demagnetization of a few samples was discontinued before 600°C because the sample became too weak to be reliably measured or the high-temperature measurements appeared
erratic. Among the 57 samples tested, only one was discontinued
above 300°C due to disaggregation during heating. More than half
of the samples were measured to 550°C or above.
All direction measurements were analyzed using Agico Remasoft software, which makes plots of the magnetization measurements and performs principal component analysis (PCA;
Kirschvink, 1980). Plots of the vector endpoint on a stereonet, normalized magnetization at different demagnetization steps, and orthogonal vector plots (Zijderveld, 1967) showing the vector
endpoints projected on two orthogonal planes were made for each
sample to aid analysis. Typically, after a low-temperature overprint
has been removed, the characteristic remanent magnetization
(ChRM), acquired at the time of initial rock cooling, is revealed. We
looked for consistent endpoints on the stereonet and linear vector
segments pointing toward the origin on the orthogonal vector plot
to signify a stable ChRM. The direction of the ChRM was calculated
using PCA with some number of consistent measurements at different temperature steps. The minimum number of steps used was 3
for one sample, but 5–8 steps was common, and as many as 13 consistent steps were used (Table T1). We calculated PCA solutions
both with and without the origin included in the inversion. Although calculating the PCA solution with the origin included does
not force the solution vector to the origin, it gives weight to that direction. Because the solution without the origin is unbiased, we prefer to interpret that direction as the ChRM. The PCA calculation
produces a measure of angular dispersion of the measurements,
called maximum angle of deviation (MAD; Kirschvink, 1980).
Larger angles indicate greater scatter of the demagnetization data
and a less-reliable result.
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NRM intensities of the measured samples ranged from 16.1 to
767.2 mA/m, with about half the samples below 100 mA/m and half
above this value. With these relatively high intensities, most samples
were strong enough to be easily measured at the NRM step and retained enough magnetization at most heating steps to produce reliable results. Only the weakest samples were demagnetized to an
intensity near the magnetometer noise level at high temperature
steps. Some sample directions became erratic (i.e., progressive temperature steps appear uncorrelated) above ~550°C, probably because such temperatures exceeded the blocking temperature of the
magnetic grains.
Most samples produced results consistent enough to calculate a
PCA direction, but a wide variation of sample consistency during
demagnetization was observed. Ten samples gave demagnetization
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Measurements were made on 57 sediment samples in the University of Houston (USA) paleomagnetic laboratory. Samples were
initially coated with a layer of sodium silicate to enhance cohesion
and resist breakage. Magnetization measurements were made with
an Agico JR-6A spinner magnetometer in a shielded room. The sensitivity limit of this instrument is ~0.5 × 10−6 A/m. During Expedition 352, pilot samples were treated with alternating field (AF)
demagnetization, and many samples displayed low median destruc-
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directions that were highly scattered or did not yield a consistent
direction. These samples are labeled “unstable” in Table T1. Some
of these samples may be more properly interpreted as multicomponent magnetizations, but they do not readily lend themselves to determining the ChRM direction, so we lump them with truly erratic
samples. Qualitatively, ~41% of samples showed a tight cluster (approximately <10° scatter) of directions (Table T1, “Good” quality;
Figure F2A) and ~21% displayed more scatter (approximately <20°)
but with some consistent directions (Table T1, “Fair” quality; Figure
F2B). For the remaining samples, about half gave no consistent direction (Table T1, “Unstable”) and the others were mostly inconsistent with only a few consistent steps (Table T1, “Poor” quality) that
could be used to calculate a PCA solution (Figure F2C). Although
these quality classifications are arbitrary, they allow us to give the
reader an idea of how reliable we believe the solutions to be; for example, some solutions determined from a small number of directions may have small MAD values, yet the overall behavior of the
sample is not reliable. PCA solutions for the thermal demagnetization experiments generally gave low MAD values (<10°); ~81% of
the samples have a MAD value <10° and ~30% have values <5°. Despite this apparent consistency, the repeatability of demagnetization
step directions was frequently poor, in contrast to the generally
tight clustering of similar results from basalts cored in the same
hole (Sager et al., 2018).
Most samples displayed a downward-pointing overprint probably caused by drill string remagnetization. This isothermal remanent magnetization (IRM) is imparted when the core is exposed to
strong magnetic fields produced by the drill pipe (Audunsson and
Levi, 1989; Pinto and McWilliams, 1990; Roberts et al., 1996; Fuller
et al., 1998). This overprint is easily recognized in most orthogonal
vector plots, with a NRM direction that is nearly vertical downward
(Figure F2A, F2B). The overprint is also noticed in the “hunchback”
behavior of some relative-magnetization curves, as discussed below.
Thermal demagnetization eventually appeared to remove this overprint at 300°–500°C.
Measurements show trends on normalized magnetization plots
(Figure F3) that allow us to broadly divide the samples into three
categories. Some plots show a nearly linear decay of the magnetization throughout demagnetization (Figure F3), indicating a wide distribution of magnetic-grain blocking temperatures. Many plots
display little demagnetization at low temperatures (<250°C), followed by a linear or slightly convex upward shape at higher temperatures (plateau) (Figure F3). This behavior probably results from
a lack of grains with low blocking temperatures but with a wide distribution of higher value blocking temperatures. A few plots display
a hunchback shape (Figure F3), with magnetization increasing
slowly at low temperatures before steeply declining, typically starting at ~200°C. This behavior resembles partial self-reversal (Doubrovine and Tarduno, 2004, 2005), but we do not think this is the
case here. Partial self-reversal of rocks with titanomagnetite grains
usually shows a peak at 300°–400°C, but here the peak is usually
lower. We think this behavior is caused by removal of an overprint
that is opposite in polarity to the ChRM. In fact, this behavior is
found only in Core 352-U1439A-18X samples, in a zone that we interpret to be reversed polarity. This behavior would be expected
from a downward-pointing drill string overprint that is removed
from an upward-pointing reversed polarity magnetization vector.
The linear behavior was noted in ~36% of the samples, and the
hunchback behavior was seen in ~16% of the samples. The plateau
behavior was seen most often (~45% of the samples). Only ~3% of
the samples gave results that did not fit these categories.
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Figure F2. Examples of sample demagnetization behavior. Left plots show
the magnetization vector endpoint on a stereonet. Right plots show vector
endpoints on orthogonal vertical and horizontal planes (Zijderveld plot).
A. Sample shows consistent behavior and yields a PCA solution with a low
MAD value (“Good” quality in Table T1). B. Sample displays a consistent
direction, albeit with greater scatter among measurements (“Fair” quality in
Table T1). C. Sample does not show consistent directions among demagnetization step directions (“Poor” quality in Table T1).
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Figure F3. Examples of magnetization decay with increasing temperature
from thermal demagnetization experiments, Hole U1439A. Vertical axis
shows magnetization intensity normalized to the largest value. Sample 18X5, 94–95 cm, is an example of nearly linear decay. Sample 18X-4, 33–35 cm,
displays a low-temperature plateau with nearly linear decay >200°C. Sample
18X-2, 142–144 cm, displays a hunchback pattern, with intensity rising at
250°–300°C and decaying at higher temperatures.
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Similarities of demagnetization behavior in different cores implies changes in magnetic grains caused by small changes in lithology. Samples from Core 16X mostly displayed linear
demagnetization. Samples from Core 17X were mostly of the lowtemperature plateau pattern. All but one of the samples from Core
19X were unstable and all of those (3 samples) displayed rapid demagnetization at low temperature steps, implying a large fraction of
low–blocking temperature magnetic grains.
A plot of ChRM inclinations against depth shows good agreement with shipboard archive half-core measurements (see the Site
U1439 chapter [Reagan et al., 2015]) (Figure F4). Most values from
shallower than ~158 meters below seafloor (mbsf ) have positive inclinations, with negative inclinations deeper than this depth. Several samples depart from this pattern. One negative-inclination
sample occurs in Core 16X, with the adjacent sample having low inclination (Samples 352-U1439A-16X-4, 122–124 cm [143.22 mbsf ],
and 16X-5, 55–57 cm [143.95 mbsf ], respectively). Both samples
have large MAD values (Table T1), so it is unclear whether these
samples indicate a polarity change or simply unreliable measurements. Shipboard archive-half core inclination values from this interval are scattered with a near-zero mean and were interpreted as
indeterminate polarity (see the Site U1439 chapter [Reagan et al.,
2015]). Similarly, within Core 17X, between 152.47 and 154.57
mbsf, four consecutive negative inclination samples were found. Although all four samples have large MAD values, two are <10°, and
the consistent polarity implies that these samples indicate a reversed polarity zone. Shipboard archive-half core measurements in
the same interval show consistent negative inclinations and were
also interpreted as a reversed polarity zone. The only sample from
Core 19X to give a reliable PCA solution, Sample 19X-4, 130–132
cm (172.9 mbsf ), gave a positive inclination, whereas most samples
from Core 18X above gave negative values. Although only a single
sample, it may indicate normal polarity for the bottom of the cored
section. Shipboard archive-half core measurements from Core 19X
are highly scattered, but most measured inclinations are positive,
supporting this interpretation. Overall, the measured section appears to record two reversed polarity zones sandwiched between
three normal zones.
It is obvious from the inclination plot (Figure F4) that positive
inclinations have higher absolute values on average than negative
inclinations. The average positive inclination in this study is 49.1°,
whereas the average negative inclination is −29.1° (both averages
calculated from PCA solutions without the origin). This discrepancy implies that the calculated ChRM inclinations are biased. This
difference could occur by incomplete removal of the drill string
overprint, which points downward (Roberts et al., 1996) and would
therefore increase positive inclination values but lessen negative
values. Interestingly, most PCA solutions (70%) calculated including the origin give lower inclinations than the corresponding PCA
calculated without the origin (Table T1). This difference indicates
that many demagnetization vectors are not trending directly to the
coordinate origin, which is another potential indication of an incompletely removed overprint. Unfortunately, the bias indicates
that the sample inclinations are not reliable indicators of the
paleofield value, so these data cannot be used to determine paleolatitude. The polarity inferences are not as sensitive to overprint
bias, so the polarity zones are likely to be reliable.
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Figure F4. Oligocene sediment ChRM inclination values (PCA calculated
without origin) versus depth, Hole U1439A. Solid red circles = inclinations
with low (<10°) MAD, open red circles = higher MAD values, small black
squares = inclinations from shipboard measurements (see the Site U1439
chapter [Reagan et al., 2015]) after 25 mT AF demagnetization. Interpreted
magnetic polarity: black = normal, white = reversed, gray = indeterminate.
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