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True polar wander, or TPW, is the rotation of the entire mantle-crust system about an equatorial axis that
results in a coherent velocity contribution for all lithospheric plates. One of the most recent candidate
TPW events consists of a ~30° rotation during Late Jurassic time (160-145 Ma). However, existing
paleomagnetic documentation of this event derives exclusively from continents, which compose less
than 50% of the Earth’s surface area and may not reflect motion of the entire mantle-crust system.
Additional paleopositional information from the Pacific Basin would significantly enhance coverage of the
Earth’s surface and allow more rigorous testing for the occurrence of TPW. We perform paleomagnetic
analyses on core samples from Ocean Drilling Program (ODP) Site 801B, which were taken from the
oldest available Pacific crust, to determine its paleolatitude during the Late Jurassic and Early Cretaceous
(167-133 Ma). We find that the Pacific Plate underwent a steady southward drift of 0.49°-0.74° My~!
except for an interval between Kimmeridgian and Tithonian time (157-147 Ma), during which it
underwent northward motion at 1.45° 40.76° My~ ! (1o). This trajectory indicates that the plates of the
Pacific Basin participated in the same large-amplitude (~30°) rotation as continental lithosphere in the
160-145 Ma interval. Such coherent motion of a large majority of the Earth’s surface strongly supports
the occurrence of TPW, suggesting that a combination of subducting slabs and rising mantle plumes was

Keywords:
paleomagnetism

true polar wander
tectonics

Ocean Drilling Program
geodynamics

Jurassic

sufficient to significantly perturb the Earth’s inertia tensor in the Late Jurassic.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Paleomagnetic experiments can quantify the progressive change
in the latitude of lithospheric blocks through time. Such Ilatitu-
dinal drift can result from the motion of lithospheric plates over
the mantle (hereafter referred to as “tectonic motion”) or true po-
lar wander. The latter mechanism, abbreviated TPW, is defined as
the rotation of the entire mantle-crust system around the outer
core due to changes in the Earth’s inertia tensor, which may arise
from the redistribution of mass anomalies within the mantle or
on the surface (Creveling et al., 2012; Gold, 1955). TPW is an on-
going process on the modern Earth, where an ~1° My~ rotation
of the geographic north pole towards the Hudson Bay is primar-
ily driven by Pleistocene deglaciation with a significant component
likely due to mantle flow (Wu and Peltier, 1984; Gordon, 1995;
Steinberger and O’Connell, 2002). Due to the relationship between
TPW and motions in the Earth’s deep interior, characterization of
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TPW in the geological past may offer unique insights into ancient
mantle dynamics (Greff-Lefftz and Besse, 2014).

The differential motion of lithospheric plates over the deep
mantle complicates the characterization of TPW in the geological
past. Because TPW is defined as coherent rotation of the entire
mantle-crust system, the motion of the deep mantle should also
be known to demonstrate conclusively the occurrence of TPW.
Since ~130 Ma, the Indo-Atlantic hotspot reference frame has
been used to infer the orientation of the deep mantle (Miiller et
al., 1993), potentially permitting a quantitative description of TPW
during this time (e.g., Gordon and Jurdy, 1986; Torsvik et al., 2008).
Some investigations into the post-130 Ma past have interpreted
motion of Pacific hotspots with respect to the rotation axis as TPW
at 84-85 Ma (Gordon, 1983; Sager and Koppers, 2000). However,
the occurrence of anomalous motion at the same time in the con-
tinental domain remains unclear (Cottrell and Tarduno, 2000).

The oldest hotspot track likely to have a deep mantle origin
is Tristan da Cunha, which is traceable to 130 Ma (Courtillot et
al., 2003). Therefore, studies of global lithospheric motion before
that time have relied on indirect arguments to establish the oc-
currence of TPW. Most commonly, coherent motion of multiple
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Fig. 1. Visualization of the Late Jurassic TPW hypothesis. (A) A compilation of igneous paleomagnetic poles suggests a rotation of ~28.6° amplitude around an equatorial
Euler pole between 160 and 145 Ma (Kent et al., 2015). (B) View of the same proposed 160-145 Ma rotation showing the position of the Pacific Plate at 160 Ma based on
our paleomagnetic data and the estimated longitude of Seton et al. (2012). Dashed outline shows the projected position of the Pacific Plate at 145 Ma assuming the Pacific
Plate participated in the candidate TPW rotation in the 160-145 Ma interval. Relative positions of continents plotted based on the paleomagnetic reconstruction of Seton et

al. (2012).

lithospheric plates (i.e., the combined Euler rotation vector for a
set of area-weighted plates) has been interpreted to provide evi-
dence for TPW (McKenzie, 1972; McElhinny, 1973; Jurdy and Van
der Voo, 1974). Such a global compilation of plate velocities per-
mits the quantification of net lithosphere rotation, which, in the
strict sense, describes only the motion of the crust and lithospheric
mantle.

Geodynamical arguments can relate the net rotation of the
lithosphere to that of the deep mantle, thereby permitting infer-
ences of TPW. In an idealized crust-mantle system, the condition
that net torque on all lithospheric plates sums to zero implies
that no net rotation of the lithosphere can occur with respect
to the deep mantle (Solomon and Sleep, 1974). In such a sce-
nario, a net rotation of the lithosphere would correspond directly
to rotation of the entire crust-mantle system and thereby fully
quantify TPW. However, due to laterally heterogeneous rheologies
and unbalanced forces at plate margins, the zero net torque con-
dition is not equivalent to zero net lithospheric rotation, implying
that knowledge of lithospheric motion, even of the entire globe,
does not precisely constrain the motion of the deep mantle frame
(Solomon and Sleep, 1974).

Even so, coherent lithospheric motion may constitute an im-
perfect but acceptable proxy for motion of the deep mantle frame
because net rotation of the lithosphere is empirically small, es-
timated to be between 0.1° and 0.2° My~! over the last 60 My
(Jurdy and Van der Voo, 1974; Gordon and Jurdy, 1986). Further-
more, this rate of net rotation agrees with expectations from the
power of toroidal motion at higher spherical harmonic degrees,
supporting the idea that the low observed rate is a natural con-
sequence of mantle dynamics (O’Connell and Hager, 1990). Finally,
numerical simulations of mantle convection show that net rota-
tions faster than ~0.2° My~—! are difficult to produce without ex-
tremely deep continental keels (Zhong, 2001). In summary, if the
net motion of the entire lithosphere or a large majority thereof
is known, the motion of the entire crust-mantle frame, and hence
the occurrence of TPW, can be quantified with uncertainty of order
0.2° My~ 1.

Based on these arguments, most paleomagnetic studies of the
>130 Ma past use observations of coherent plate motion to in-
fer TPW. For example, Torsvik et al. (2012) proposed four episodes
of possible TPW between 250 and 100 Ma by identifying appar-
ently coherent rotations of continents around a specific equatorial
axis through the large low shear velocity provinces (LLSVPs) of

the lower mantle. Among these, two episodes can be combined
into a single clockwise rotation of 30.5° around an equatorial Eu-
ler pole at 11°E longitude (South African coordinates) between
200 and 140 Ma. An alternative compilation by Kent and Irving
(2010) using a much more stringent quality filter for individual
poles shows a rotation with similar amplitude (28.6°) and simi-
lar equatorial Euler pole (~10°W in NW African coordinates), but
with much higher rate of ~2°My~! focused between 160 and 145
Ma. Subsequent studies have shown that this 160-145 Ma rota-
tion is consistent with stringently selected igneous paleomagnetic
poles from North America, South America, Adria, South Africa, and
Australia (Muttoni et al,, 2013), leading Kent et al. (2015) to hy-
pothesize that the 28.6° motion between approximately 160 and
145 Ma constitutes an episode of TPW (Fig. 1). If confirmed as
such, this event would represent the most recent TPW of large
(>25°) amplitude in Earth history.

However, as with all other periods of possible TPW before
130 Ma, the motion of large fractions of the Earth’s lithosphere
remains poorly constrained in the Late Jurassic. The positions and
velocities of all continental plates (except the United China Block;
Van der Voo et al, 2015) and the nascent Atlantic Basin dur-
ing the Late Jurassic may be quantified using a combination of
paleomagnetic poles and seafloor magnetic lineations. However,
the motion of the Pacific Basin, comprising the Pacific, Farallon,
Izanagi, Phoenix, and possibly additional plates, remains poorly
known in the same time interval (Larson et al., 1992). Because
the lithosphere outside the Pacific Basin composed only approx-
imately 50% of the Earth’s surface area, coherent motion of the
continental plates may not constitute a net rotation of the litho-
sphere, thereby weakening the relationship between their motion
and that of the deep mantle. As such, paleomagnetic data from the
continents alone cannot rigorously test the occurrence of TPW.

The recovery of paleoposition information for plates in the Pa-
cific Basin during the Late Jurassic would provide key additional
information regarding the occurrence of TPW. Because the rela-
tive motions of the Pacific, Farallon, Izanagi, and Phoenix plates
are known from seafloor magnetic lineations, paleomagnetic de-
termination of Pacific Plate motion would constrain the position
of a significant additional fraction of the lithosphere. As such, if
paleomagnetic data from the Pacific Plate suggest that the Pacific
Basin plates participated in the same rotation as the continen-
tal plates during the 160-145 Ma interval, the combined motion
would involve a large majority of the lithosphere and is therefore
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quantitatively coupled to motion in the deep mantle frame as de-
scribed above. We note that such information cannot be recovered
from earlier intervals of proposed TPW due to the lack of surviving
oceanic crust, thereby precluding the determination of motion for
a majority of the Earth’s lithosphere. The candidate TPW episode
in the Late Jurassic therefore represents the only known opportu-
nity to determine rigorously the occurrence of TPW in the absence
of a hotspot reference frame.

Based on the compiled paleomagnetic data from the continents,
the TPW hypothesis between 160 and 145 Ma predicts a rapid
northward shift in the velocity of the Pacific Plate. The exact rate of
expected northward motion depends on the paleolongitude of the
Pacific Plate, which is not precisely known. Adopting a paleolon-
gitude of 112°W, which assumes no longitudinal motion prior to
140 Ma due to a lack of constraints (Seton et al., 2012), the hypoth-
esized TPW rotation between 160 and 145 Ma would contribute
a northward motion of 1.87° My~! to the core of the Pacific Plate
relative to the Earth’s rotation axis. Extending the 0.63° My~! east-
ward drift of the Pacific Plate in the 140-120 Ma interval (Seton et
al., 2012) back to 160 Ma results in a paleolongitude of 100°W, im-
plying that the velocity of the Pacific Plate would have a northward
component of 1.91° My~! between 160 and 145 Ma. We therefore
find that uncertainty in paleolongitude results in negligible change
in the drift rate predicted by TPW.

In this work, we test the above TPW-based predictions for
the north-south velocity of the Pacific Plate by performing pale-
omagnetic experiments on sedimentary and igneous samples from
Ocean Drilling Program (ODP) Site 801B. This core, along with the
deeper basaltic Site 801C, were taken in 1990 on ODP Leg 129
and represent the oldest material recovered from the Pacific Plate.
Although both cores have been studied paleomagnetically (Steiner
and Wallick, 1992; Tauxe et al., 2013; Wallick and Steiner, 1992),
previous sampling focused mainly on paleointensities and magne-
tization directions of underlying Bathonian basalts or on younger
sediments of less than middle Tithonian age (<155 Ma).

To extend these results to earlier time intervals, we specifically
pursue exhaustive sampling of the lowermost recovered sedimen-
tary and igneous units in the Site 801B core (167-133 Ma). By
combining our paleolatitudes with radiolarian-based biostratigra-
phy, we show that the Pacific Plate underwent steady southward
motion during the sampled interval except for a period of anoma-
lous northward drift between approximately 157 and 147 Ma. Par-
ticipation in a TPW rotation during this time interval is the most
likely explanation for the observed net northward velocity under
a range of assumptions about the tectonic component of motion
of the Pacific Plate. We therefore find that the Pacific Plate partic-
ipated in the same large amplitude rotation around an equatorial
Euler pole as the continental lithosphere between 160 and 145 Ma,
supporting the occurrence of TPW in this time interval.

Table 1
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Fig. 2. Map of the Pigafetta Basin area of the western Pacific Ocean showing the
location of ODP Core 801B from which our samples were taken. Map adapted from
Larson et al. (1992).

2. Samples and methods

All paleomagnetic samples used in this study were collected
from ODP Site 801B (18°38.52'N; 156°21.582E), which was taken
from the Pigafetta Basin of the western Pacific Ocean (Fig. 2;
Lancelot et al., 1990). We extracted 67 sedimentary samples be-
tween 309.22 and 476.98 meters below sea-floor (mbsf). Litholo-
gies of sampled sedimentary rocks consist primarily of cherts
interbedded with red radiolarites and claystones (Fig. 3), while
the lowermost three chert samples were found interbedded with
basaltic flows. In addition, we took 30 igneous samples from be-
tween 461.88 and 503.83 mbsf. Both sedimentary and igneous
samples were curated at the Gulf Coast Repository at Texas A&M
University, where they have been kept at 4°C in the Earth’s mag-
netic field since their recovery in 1990. We oriented all samples in
the vertical direction based on their position in the original core
and pre-existing orientation marks. All samples were taken from
the working split of the ODP cores and represent the last available
oriented samples for most depths below ~430 mbsf (~154 Ma;
see below).

Sedimentary samples within our stratigraphic interval have
been dated to between the middle Bathonian and late Valanginian
based on radiolarian fossils by Matsuoka (1992), who divided the
section into six biostratigraphic zones. Revised biozone designa-
tions by Matsuoka (1995) generally reaffirmed those of the earlier
study except for a reassignment of the 29R-32R core segments
(zone JR7) from the Tithonian to the Kimmeridgian (Table 1). Anal-
ysis of calcareous nannofossils revealed a Tithonian nannoflora
assemblage in the 25R-26R core interval, which supports the radi-
olarian chronologies (Erba and Covington, 1992). Subsequent Ar-Ar
dating of the underlying basalts resulted in an age of 167.7 £ 1.4
Ma (Koppers et al., 2003), which is fully consistent with the bios-
tratigraphic constraints above and with a study of interbedded
radiolarians at Site 801C that yielded a middle Bathonian age

Comparison of radiolarian-based biostratigraphy for ODP core 801B based on Matsuoka (1992, 1995).

Core range Matsuoka, 1992 Matsuoka, 1995
Stage assignment Age range Mean age Stage assignment Age range Mean age

(Ma) (Ma) (Ma) (Ma)

13R-14R Val. 139.4-133.9 136.6 Upper Val.-Lower Haut. 137.1-132.9 135.0

15R-20R Upper Tith.-Lower Val. 146.7-137.2 141.9 Upper Tith.-Lower Val. 146.7-137.2 141.9

21R-28R Kimm.-Upper Tith. 157.3-146.7 152.0 Lower Tith.-Middle Tith. 152.1-146.7 1494

29R-32R Oxf. 163.5-157.3 160.4 Kimm. 157.3-152.1 154.7

33R-34R Upper Call. 164.8-163.5 164.2 Upper Call.-Lower Oxf. 164.8-160.9 162.9

34R-39R Upper Bath.-Lower Call. 167.1-164.8 165.9 Upper Bath.-Lower Call. 167.1-164.8 165.9

Notes: Stage abbreviations are: Val. — Valanginian, Tith. - Tithonian, Kimm. - Kimmeridgian, Oxf. - Oxfordian, Call. - Callovian, Bath. - Bathonian.

Numerical age ranges are based on the Geomagnetic Polarity Timescale (GPTS) of Ogg (2012).
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Fig. 3. Inclinations of high temperature magnetizations from our samples (black circles) and those of Steiner and Wallick (1992) (gray squares). Recovery column shows the
recovered core segments in black. Lithologies and symbols are adapted from Lancelot et al. (1990). Black triangles, waves, and dashes correspond to chert, radiolarite, and
claystone, respectively. Vertical lines and unequal black circles denote basalt and volcaniclastic turbidite. Bedding dips are based on fitting of FMS data as described in the

text.

(Bartolini and Larson, 2001). In this study, we assign ages to our
sedimentary samples based on the chronology of Matsuoka (1995)
while adopting a cooling age of 167.7 +£1.4 Ma for our igneous
samples. We also compute and discuss drift velocities using the
chronology of Matsuoka (1992), finding that the choice between
these two chronologies does not change our conclusions regarding
Pacific Plate motion.

We performed stepwise thermal demagnetization on all sam-
ples using steps of 40-45°C for temperatures between 75 and
480°C and finer steps of 15-30°C between 480 and 690 °C. All
samples were measured on the 2G Enterprises model 760 Super-
conducting Rock Magnetometer, which has an effective noise floor
of 10~'1 Am? and is housed in the shielded room at the Lamont-
Doherty Earth Observatory (LDEO). Please see Data in Brief for all
raw data. We then identified and fitted components of magnetiza-
tion using principal components analysis (Kirschvink, 1980).

To estimate the bedding attitude throughout the depth range of
our samples, we used the GeoFrame software at the LDEO Bore-
hole Laboratory to fit Formation MicroScanner (FMS) data at 135
depth intervals between 295.97 and 440.05 mbsf (Table S1). The
clarity of the FMS data was insufficient to provide reliable bed-
ding measurements at greater depths. We find that beds in this
depth range generally dip between 5 and 15° to the southwest,
with the deepest beds exhibiting the steepest dip (Fig. 3). Except
for the interpretation of a large 50° dip at 451.6-435.5 mbsf, our
FMS-derived bedding attitudes are consistent with the initial study
by Molinie and Ogg (1992).

3. Results
3.1. Sedimentary samples

Nearly all sedimentary samples (64 out of 67) exhibited at least
two stable components of magnetization during thermal demagne-
tization (Fig. 4; Table S2). Secondary components of magnetization
in these samples may be due to viscous remanent magnetization

(VRM) or remagnetization during the drilling process. A VRM ac-
quired during the Brunhes normal chron is expected to be blocked
up to approximately 150 and 200°C in the case of single do-
main magnetite and hematite carriers, respectively (Dunlop and
Ozdemir, 1997). As such, any component of magnetization repre-
senting a characteristic remanent magnetization (ChRM) from the
Late Jurassic and Early Cretaceous is expected to have minimum
unblocking temperatures in excesses of 150-200°C. Adopting a
conservative approach, we interpret as a candidate ChRM only high
temperature (H) components of magnetization that are blocked
between >200°C and >540°C and have a maximum angular de-
viation (MAD) of <15.0°. Following this criterion, 43 out of 67
sedimentary samples retain a probable ChRM (Table S2).

Because some low temperature components of magnetization
are likely to be VRMs acquired in the present-day field, we use
these components to estimate the direction of true north in our
samples. In case of samples with multiple magnetization directions
unblocking <280°C, we refer to the lower and higher temper-
ature components as LO and L, respectively. The LO component,
where present, is typically completely removed by 75°C. We in-
terpret this component as a VRM acquired during sample handling
or curation and exclude it from further analysis. For the higher-
unblocking L magnetizations, we first hypothesize that all exam-
ples of this magnetization with positive inclination are VRMs in
origin (mean local dipole field at drilling site has 34.0° inclina-
tion). We find that 26 samples carry such a magnetization (Fig. 5A),
among which 21 samples also carry an H magnetization inter-
preted to be a ChRM. We then rotate both the L and H components
of magnetization in each of the 21 samples such that the L compo-
nent has a declination of 0°, which is expected for a recent VRM.

After rotation, the H directions fall into two nearly antipodal
clusters (Fig. 5B). We then apply tilt correction to the rotated di-
rections based on FMS data (see below). Because the scatter of
both L and H components contributes to the declination scatter
but not the inclination scatter of the rotated dataset, the distribu-
tion of rotated H directions is non-Fisherian and therefore cannot
be used to perform a rigorous reversal test using the formalism
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Fig. 4. Orthogonal projection (Zijderveld) diagrams of representative thermal demagnetization sequences. (A) Radiolarite sample 23A, showing high inclination HT magneti-
zation. (B) Chert sample 6A, showing low inclination HT magnetization. (C) Radiolarite sample 34A, showing low inclination magnetization with younger age. (D) Radiolarite
sample 30A, showing nearly single-component magnetization that was rejected. (E) Typical basaltic sample 1A. Open and solid markers correspond to points in the vertical

and horizontal planes, respectively.

of McFadden and McElhinny (1990). We note, however, that if
such a test is applied, the y. parameter as defined by McFadden
and McElhinny (1990) is found to be 24.5°, which by convention
indicates an indeterminate reversal test. Such a large confidence
interval is consistent with data that have been rotated based on
VRM components subject to significant scatter. The angular sep-
aration between group means is 15.9° after one set is reflected
through the origin, which is significantly less than y. and shows
that the H directions are consistent with the presence of normal
and reversed primary magnetizations. The inclinations of the ro-
tated H directions imply that the magnetizations were acquired in
the southern hemisphere at all stratigraphic levels, confirming the
interpretation of Steiner and Wallick (1992).

The declinations of the rotated H directions may be used to
infer the amount of vertical axis rotation experienced by the
Pacific plate since the Late Jurassic. After transforming all re-

versed H directions to their normal polarity equivalents, we com-
pute a mean declination of 1.9°+5.9° (10). Excluding the out-
lier H directions from samples 11A and 25B results in a mean
declination of 356.7° +-4.8°. Performing the same analysis with-
out tilt-correction results in mean declinations of 2.8° +5.9° and
357.9° +5.0°, which are indistinguishable from the tilt-corrected
values. Furthermore, we find no identifiable trend in sample dec-
lination as a function of stratigraphic height, thereby providing no
evidence of vertical axis rotation during the interval of deposi-
tion (Fig. 5B). We therefore conclude that no resolvable vertical
axis rotation has occurred to the Pacific plate. Future recovery of
azimuthally oriented core samples would be able to test this infer-
ence as well as generate an apparent polar wander (APW) path for
the Pacific Plate, thereby testing of the Late Jurassic TPW hypothe-
sis without an assumption of Pacific Plate paleolongitude.
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Adopting a paleodeclination of 0° based on the above analy-
sis, we use azimuthally oriented FMS resistivity measurements to
compute tilt-corrected directions for the ChRM (Fig. 3; Table S1).
For each of the four youngest biostratigraphic zones, we compute a
mean bedding attitude in the corresponding depth range to apply
the correction. Because no reliable FMS measurements are avail-
able for the lowest biozones (JR5-JR6), we apply the tilt correction
computed from the immediately overlying sediments of Kimmerid-
gian age. We then compute the paleolatitude of the Pacific Plate
based on the tilt-corrected ChRM inclinations. A t-test between
Kimmeridgian and Tithonian paleolatitudes shows that the latter

are more northerly at the P = 0.056 level, which suggests north-
ward motion of the Pacific Plate during this time, although at a
confidence level that falls slightly short of the common P < 0.05
criterion.

To quantify the north-south velocity of the Pacific Plate, we
computed mean paleolatitudes for samples within each radiolarian
biozone as defined by Matsuoka (1995) (Fig. 6; Table 1). Because
the late Callovian JR6 biozone contains only four samples that re-
tain ChRM, we combined all 14 samples from biozones JR5 and
JR6 (middle Bathonian to latest Callovian) into one paleolatitude
estimate.
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Table 2

Summary of paleolatitudes and mean ages derived from our paleomagnetic experiments.

Age interval Mean age Number of Raw Mean Tilt-corrected Uncertainty
(Ma) (Ma) samples paleolatitude bedding paleolatitude (1o0)
137.1-132.9 135.0 3 12.3°S 73.8°[2.4° 12.7°S 1.8°
146.7-137.2 142.0 11 10.0°S 226.0°/6.3° 7.7°S 1.8°
152.1-146.7 1494 10 5.5°S 232.4°[9.8° 2.7°S 1.3°
157.3-152.1 154.7 9 17.8°S 212.3°/14.3° 10.4°S 3.8°
167.1-160.9 164.1 10 11.0°S 212.3°/14.3° 4.5°S 1.6°

3.2. Igneous samples

In addition to the set of five mean paleolatitudes derived above
from sedimentary samples, we recovered one mean paleolatitude
from underlying basaltic samples dated to 167.7 & 1.4 Ma (Koppers
et al, 2003). Out of the 30 igneous samples, 20 were found to
carry a directionally stable high temperature (H) magnetization
upon thermal demagnetization (Fig. 4E; Table S3). Applying the
same criteria for minimum unblocking temperature and maximum
MAD as used above for the sedimentary samples, we find that 11
igneous samples representing 5 cooling units carry stable H mag-
netization that may be interpreted as ChRM. We then apply the
tilt correction derived from the lowermost sedimentary samples to
obtain a mean paleolatitude of 4.4°S 4 2.0°.

This paleolatitude is lower than the 9°S value obtained by
Wallick and Steiner (1992), who performed alternating field (AF)
demagnetization on 51 basaltic samples and applied a similar 14°
tilt correction. The samples in the earlier study were extracted
from Site 801C, resulting in a small gap of ~4 meters between our
lowermost and their uppermost samples. In addition, the use of
AF demagnetization and lack of any quality filter based on the de-
magnetization behavior in the earlier work may contribute to the
discrepancy between our paleolatitudes. Due to these differences
in methodology, we do not combine the datasets and, instead,
adopt our value as the best estimate of paleolatitude (Table 2).

Our igneous paleolatitude of 4.4°S+2.0° is well within un-
certainty of the value derived from interbedded and overlying
Bathonian—-Callovian sediments (4.5°S+1.6°; Table 2), which is
consistent with the lack of inclination shallowing in our sedimen-
tary samples. Even so, due to the small angular changes caused by
inclination shallowing at such low latitudes, this comparison be-
tween igneous and sedimentary paleolatitudes does not rule out
the occurrence of inclination shallowing with flattening factors as
small as ~0.6. We note, however, that for the range of low incli-
nations observed in our H magnetization components, inclination
shallowing results in an inclination decrease by a nearly constant
multiplicative factor, which varies by <7% across >90% of our
samples (Eq. (2) in Kent and Tauxe, 2005). As such, although our
derived drift rates for the Pacific Plates are a lower bound due to
inclination shallowing, the statistical significance at which we can
resolve changes in plate velocity remains unchanged. Inclination
shallowing therefore does not affect our core conclusions regard
anomalous motion of the Pacific Plate in the Late Jurassic.

3.3. Paleolatitudinal drift of the Pacific Plate

We use our tilt-corrected igneous and sedimentary data to
quantify the paleolatitudinal drift rates of the Pacific plate through
time. We first compute the drift of the Pacific plate between
the Tithonian and Valanginian (152.1-132.9 Ma; Fig. 6). Assign-
ing the mean age of each time interval to the corresponding pa-
leolatitude, we find a southward drift rate of 0.69° 4 0.16° My~!
where the 10 error bar is derived from a Monte Carlo simula-
tion with 5 x 10* trials that account for the uncertainty in the
paleolatitude within each time interval. Combining our dataset
with that of Steiner and Wallick (1992) results in an improved

estimate of 0.74° 4 0.09° My~—!. This southward drift rate is also
closely consistent with the value of 0.73° My~ derived from ma-
rine magnetic skewness observations that include correction for
anomalous skewness (Larson and Sager, 1992). Combining these
additional data, we conclude that the southward drift of the Pa-
cific plate at 0.74° £0.09° My~! is robustly documented between
132.9 and 152.1 Ma (Larson et al., 1992; Larson and Sager, 1992;
Steiner and Wallick, 1992).

Within the Kimmeridgian-Tithonian interval (157.3-146.7 Ma;
Table 1), which closely overlaps with the interval of proposed TPW,
our tilt-corrected paleolatitudes yield a northward drift rate of
1.45° £0.76° My~ 1. For times before the Kimmeridgian-Tithonian
shift, a linear regression of our igneous and Bathonian to Kim-
meridgian sedimentary paleolatitudes yields a southward drift rate
of 0.49° £ 0.34° My~!. Although this best-fit value is close to the
Tithonian-Valanginian drift rate derived above, the large uncer-
tainty cannot rule out a constant or even a northward trending
paleolatitude. Because several lava flows in our analysis are rep-
resented by only one stable paleomagnetic specimen (Table R3),
we cannot confirm that the mean directions of successive basalt
flows that provide our igneous paleolatitude are fully sampling pa-
leosecular variations (PSV) (Cox and Gordon, 1984). Assuming that
the igneous paleolatitude does not adequately sample PSV, we try
removing it from our analysis to obtain a pre-Kimmeridgian south-
ward drift rate of 0.61°=40.43°My !, which is indistinguishable
from the rate derived above from both igneous and sedimentary
data. The inclusion of the igneous data therefore does not substan-
tially affect our subsequent analysis.

We note that using the older radiolarian biostratigraphy of
Matsuoka (1992) results in velocities of 0.67° +0.08° My~! south,
0.92° +£0.48°My~! north, and 0.89°+0.66°My~' south in the
Tithonian-Valanginian, Kimmeridgian-Tithonian, and Bathonian-
Oxfordian intervals, respectively. All three rates are consistent at
the 10 level with those derived above using the Matsuoka (1995)
geochronology.

4. Discussion
4.1. Origin of Pacific Plate motion

The Late Jurassic TPW hypothesis predicts that TPW in the
160-145 Ma interval contributed a 1.87°My~! component of
northward motion to the Pacific Plate (see Introduction). We there-
fore examine our data for evidence of anomalous northward veloc-
ity in the 160-145 Ma interval.

The raw drift velocity found from our tilt-corrected sedimentary
inclinations in the 157.3-146.7 Ma interval is 1.45° £0.76° My !
north (Fig. 6), which is distinguishable from zero at the 1.90c
level (P = 0.056). Our data therefore suggests that the Pacific
Plate moved northward during the candidate TPW interval, al-
though it falls slightly short of the common P = 0.05 threshold.
However, determining the occurrence of a northward change in
Pacific Plate velocity requires comparison with background drift
rates before and after the Kimmeridgian-Tithonian interval. Per-
forming this analysis, we find that Pacific Plate velocity within this
interval is significantly more northerly at the 2.330 and 2.860
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Fig. 7. Schematic representation of the motion of the Pacific, Farallon, and North American Plate at 160 and 145 Ma. This reconstruction is based on the North American
APW path of Kent and Irving (2010) (Fig. 1). Black star denotes the Blue Mountains from which sense of shear inferences are derived (Zak et al., 2016). Sense of subduction
and approximate position of accreting oceanic terranes are plotted following Hildebrand (2013), although the sense and location of the subduction zone does not affect our
results. The paleolongitude of Pacific Plate is not known quantitatively and plotted approximately according to the reconstruction of Seton et al. (2012).

levels, respectively. Using the alternative chronology of Matsuoka
(1992), we find that velocity in the Oxfordian-Tithonian interval
is resolvable from earlier and later drift rates at the 3.260 and
2.220 levels, respectively. We therefore robustly conclude that the
Pacific Plate underwent anomalous northward motion between ap-
proximately Kimmeridgian and Tithonian time regardless of the
assumed chronology.

We compare the timing of this northward shift of the Pa-
cific Plate to that of the candidate TPW interval. According to the
chronology of Matsuoka (1995), the age range represented by the
core segments corresponding to the beginning and end of the shift
(32R-21R) represent the 1573 to 146.7 Ma interval (Fig. 6; Ta-
ble 1). As such, the paleolatitudinal shift inferred from these core
segments is fully consistent with the hypothesized occurrence of
TPW in the 160-145 Ma interval. Adopting the alternative chronol-
ogy of Matsuoka (1992), the time interval sampled by the critical
core segments expands to 163.5-146.7 Ma, which is still consis-
tent with the TPW hypothesis given that composite poles in the
global APW path of continents have chronological uncertainties of
several My due to the binning of individual paleomagnetic poles.
We therefore conclude that the timing of anomalous northward
Pacific Plate motion is fully consistent with that of the candidate
Late Jurassic TPW event.

To compare quantitatively the velocity of anomalous northward
motion with that predicted by the TPW hypothesis, we must first
characterize any component of the Pacific Plate’s motion relative
to the underlying mantle. Because no dataset can independently
quantify the rate of Pacific Plate tectonic drift, we consider two
end-member scenarios. First, we assume that the Pacific Plate,
which underwent southward tectonic drift of 0.49° +0.34° My !
and 0.74° 4 0.09° My~! before and after the interval of northward
motion, continued this motion into the intervening Kimmeridgian—
Tithonian interval. Adopting a mean southward tectonic veloc-
ity of 0.62°+0.35°My~! during this time, our inferred net drift
rate of 1.45° 4 0.76° My~! north implies a velocity component of
2.07° 4+ 0.84° My~ north due to TPW, which is consistent with the
expected velocity of 1.87° My~! based on continental data (Fig. 1;
Kent et al., 2015). We note that this velocity is within the theo-
retical bounds of TPW (or APW) based on a wide range of mantle
viscosities (Tsai and Stevenson, 2007).

Second, we can place a more stringent lower bound on the ve-
locity of TPW-induced northward motion by dropping the assump-
tion of continued southward tectonic motion in the Kimmeridgian-
Tithonian interval. Instead, we assume that the tectonic velocity of
the Pacific Plate acquired a northerly component during this time.
We note that this scenario is unlikely as it requires a northerly
change in tectonic velocity and an opposite change of similar mag-
nitude to be timed coincidentally with the proposed TPW episode.

To estimate an upper bound on the change in Pacific Plate tec-
tonic velocity in a ~5 My interval (i.e., one-half of the interval
of anomalous northward motion), we sample the latitudinal drift
rates of the Pacific Plate between 150 Ma and the present at 5 My
intervals. We find that the largest change in velocity attributable
to tectonic drift was a northward shift of 0.52°My~! that oc-
curred between 137.5 and 132.5 My (Larson et al., 1992). Adopting
this value as the largest possible change in north-south tectonic
velocity in ~5 My, the most northerly possible tectonic velocity
of Pacific Plate in the Kimmeridgian-Tithonian may be found by
summing 0.74° 4 0.09° My~! south and 0.52° My~! north, which
yields a southward velocity of 0.22° +0.09° My~!. Comparing this
tectonic velocity and the net Kimmeridgian-Tithonian northward
drift of 1.45° £0.76° My~! implies that TPW contributed a min-
imum northward velocity of 1.67°+0.77° My~!, which is again
consistent with the prediction of 1.87° My~' and resolvable from
zero at the 2.180 level.

We therefore conclude that, even in the case of coincidental
northward tectonic motion of the Pacific Plate, an additional north-
ward velocity contribution from TPW consistent with the predicted
value from continental data is required to explain the inferred net
velocity. We emphasize that, although the absolute northward mo-
tion of the Pacific Plate during the 157-147 Ma time interval is not
statistically significant at 20 (1.45° +0.76° My~'), we do observe
a statistically significant northward change in the velocity of the
Pacific Plate, which is consistent with the prediction from a TPW
scenario.

4.2. Implications for Farallon-North America motion

An independent, albeit qualitative, constraint on the Late Juras-
sic motion of the Pacific Plate comes from petrofabric studies on
the western margin of North America. The Pacific and North Amer-
ican Plates during the time period of interest were separated by
the Farallon Plate, which contacted the Pacific Plate at a spread
center (i.e., the Hawaiian Ridge) and subducted beneath the North
American Plate (Fig. 7; Sager et al., 1988). We can therefore com-
pute the sense of shear between the Farallon and North American
Plates using our paleolatitudes of the Pacific Plate, an estimate of
the spreading rate between the Pacific and Farallon Plates, and
published APW paths for North America. The results of this anal-
ysis can then be compared to measurements of rock fabric in the
Blue Mountains, Oregon, which suggest sinistral, orthogonal, and
dextral motion between the two plates at 160.2 +1.1, 146.7 +1.2,
and 140.2 £0.7 Ma, respectively (1o ; Johnson et al., 2015; Zak et
al., 2016).

Due to the north-south strike of the Farallon-North Ameri-
can subduction zone, the sense of shear at this interface depends
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Table 3

Summary of north-south motions for the Pacific, Farallon, and North American plates based on our paleolatitudes and published continental apparent

polar wander (APW) paths in the paleomagnetic reference frame (see text).

Age Pacific Plate motion Farallon Plate motion Kent and Irving (2010) Torsvik et al. (2012)
(Ma) /My) (°My) N. America Sense of shear N. America Sense of shear
motion motion
(°/My) (°/My)
160.2+2.1 049 S 011 N-0.15 N 0.26 N-1.57 N Sinistral 041N Sinistral
146.7+2.3 0.74 S 0.05 N-0.09 N 0.44 S-1.57 N Unconstrained 0.88 N Sinistral
1402+ 14 0.74 S 0.09 N-0.12 N 0.44 S-0.37 S Dextural 0.07 S-0.88 N Unconstrained

Notes: The three chosen ages reflect times at which the relative motion between the Farallon and North American Plates is constrained by petrographic
observations (Zak et al., 2016). The inferred sense of shear at the Farallon-North American Plate interface is sinistral, orthogonal, and dextral at 160.2,
146.7, and 140.2 Ma, respectively. Lower and Upper bounds of Farallon Plate motion are computed by assuming a 7.8° clockwise and 4° counterclock-
wise rotation of the Pacific Plate, respectively, which correspond to the 1o range in vertical axis rotation of the Pacific Plate as constrained by the
declinations of our H magnetizations. Latitudinal drift of North America is computed for Sacajawea Peak in Oregon, USA near the localities for which

the sense of shear was inferred by Zak et al. (2016).

solely on the north-south component of relative motion between
the Farallon and North American Plates (Fig. 7; Table 3). To quan-
tify the motion of the Farallon Plate, we adopt a full spread-
ing rate of 8.4°My~! at the Hawaiian Ridge and a Euler pole at
12.8°S 43.6°W in a paleomagnetic reference frame (Seton et al.,
2012) for the Farallon Plate at 160 Ma (Malinverno et al, 2012;
Tominaga and Sager, 2010). Because TPW does not cause change in
the relative positions of plates, we advect the Farallon Plate Euler
pole with time using only the mean tectonic drift rate of the Pa-
cific Plate, which, as above, is assumed to be 0.62° & 0.35° My !
south around an equatorial Euler pole with longitude 22°W (see
Introduction). We compute the north-south motion of the Farallon
Plate assuming vertical axis rotations in the range 1.9° £5.9° for
the Pacific Plate based on our recovered H component declinations
(see Results).

We use the above rotation parameters to compute the north-
south velocity of the Farallon plate at a location in present-day
Oregon near the Blue Mountains with coordinates 40.7°N 50.9°W
at 160 Ma and 43.5°N 55.3°W at 140 Ma (Seton et al., 2012).
The reconstruction used to find the location of the Farallon-North
America contact location has a negligible effect on the derived
sense of shear. We find that paleolatitudinal drift velocities for
the Pacific Plate predicts northward motion of the Farallon Plate
at the North American margin with rates 0.13° My‘1 at 160.2 Ma,
0.07° My~ at 146.7 Ma, and 0.10° My~! at 140.2 Ma. (Table 3).

Adopting the APW path for North America from Kent and Irving
(2010), our predicted sense of shear at the Pacific-Farallon mar-
gin is consistent with measurements at 160.2 and 140.2 Ma, while
the sense of shear cannot be determined at 146.7 Ma due to un-
certainties in the end timing of rapid northward North America
motion (Table 3). Using an alternative North America APW path
from Torsvik et al. (2012), we find that the sense of shear at 160
Ma is consistent with observations while that at 146 Ma is in-
consistent. For 140 Ma, the sense of shear is unconstrained, again
due to chronological uncertainties in the APW path. We therefore
conclude that, adopting the igneous sample-derived APW path of
Kent and Irving (2010), our paleomagnetically determined Pacific
Plate velocities are consistent with the inferred sense of shear on
the Farallon-North America margin, although improved chronolo-
gies for the North American APW path would further test this
correspondence. Meanwhile, the disagreement in the inferred and
measured sense of shear at 146.7 Ma using the Torsvik et al. (2012)
North American APW path may be due to the choice of binning in-
tervals compared to the Kent and Irving (2010) compilation.

In summary, our paleomagnetically-inferred velocities of the
Pacific Plate between 167 and 133 Ma strongly suggest an anoma-
lous northward velocity between Kimmeridgian and Tithonian time
(approximately 157.3-146.7 Ma). The existence of this northward
component of motion is independent of the choice of biostrati-
graphic chronologies and assumptions for the tectonic drift veloc-

ity of the Pacific Plate. The amplitude and timing of this northward
motion is consistent with those predicted by an episode of TPW
between approximately 160 and 145 Ma (Kent et al, 2015). Fi-
nally, the sense of motion at the Farallon-North American Plate
margin inferred from petrofabric measurements in the Blue Moun-
tains of Oregon is consistent with the drift rates of the Pacific
Plate presented here. We therefore conclude that our ODP 801B
core measurements provide strong evidence for the participation
of the Pacific Plate and its adjacent oceanic plates in the rapid ro-
tation of 28.6° amplitude recorded in continental plates during the
160-145 Ma interval. Although a greater number of paleomagnetic
specimens would lower our uncertainties for Pacific paleolatitudes,
this study has exhausted the orientable samples available from
critical intervals of Site 801B. Future ocean floor drilling of the old-
est Pacific crust with higher recovery fraction is likely required to
improve significantly the paleomagnetic record of motion in the
Late Jurassic.

4.3. Implications for the true polar wander hypothesis

The coherent motion of both the continents and the Pacific
Plate, which was coupled to the other major plates of the Pacific
Basin via mid-ocean ridges, implies that a significant majority of
the Earth’s lithosphere participated in a large-amplitude rotation
in the 160-145 Ma interval. As discussed in the Introduction, rel-
ative rotation of the entire lithosphere with respect to the deep
mantle likely occurs at slow rates of <0.2° My~!. Therefore, the
simultaneous rapid (~1.9° My~!) motion of a large fraction of the
lithosphere in the Late Jurassic was very likely coupled to the deep
mantle and not a consequence of tectonic motion of the litho-
sphere alone. As such, we conclude that our data provides strong
support for the occurrence of large amplitude TPW in the Late
Jurassic.

The occurrence of TPW in the 160-145 Ma interval requires
that a significant redistribution of mass took place in the Earth’s
mantle or crust during this time. Possible mechanisms that can
advect sufficient mass to drive a TPW rotation of nearly 30° ampli-
tude include mantle plumes and the subductions of major oceanic
slabs (Greff-Lefftz, 2004; Greff-Lefftz and Besse, 2014). Although
no large igneous province (LIP) was active during the 160-145 Ma
interval, upwelling of material beneath the established Karoo-
Ferrar LIP (~184 Ma; Jourdan et al., 2005) or the rise of a nascent
plume that would form the Parana-Etendeka LIP (~135 Ma; Gibson
et al.,, 2006) may have perturbed the Earth’s inertia tensor.

At the same time, the subduction of oceanic slabs was occur-
ring on the western margin of North America and the Mongol-
Okhtosk Ocean between Siberia and China (Cogné et al., 2005;
Van der Voo et al.,, 2015). Larger angular separations from the TPW
axis, inferred to be immediately south of West Africa for the Late
Jurassic event (Kent et al.,, 2015), results in greater rotation for
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a given mass anomaly. The subduction zones enumerated above,
located 65° and 70° from the TPW axis, respectively, are more
optimally positioned than the LIPs to drive TPW rotation. If sub-
ducting slabs are invoked as possible driving mechanisms for TPW,
the sudden onset and relatively short (~15 My) duration of the
Late Jurassic event must be reconciled with the continuous na-
ture of subduction. One possible scenario involves the build-up and
rapid descent of subducted material at the upper-lower mantle in-
terface in a slab avalanche event (Pysklywec and Ishii, 2005). At
the same time, the assembly of the ribbon continent Rubia in the
Eastern Pacific (Fig. 7) may have occurred at approximately 160 Ma
(Hildebrand, 2013; Sigloch and Mihalynuk, 2013), which led to the
cessation of subduction and subsequent break-off of a slab. The
sinking of such a truncated slab through the upper mantle would
have perturbed the Earth’s inertia tensor.

All of the potential driving mechanisms of Late Jurassic TPW
cited here are qualitatively plausible but lack quantitative geody-
namical assessment. Future models that consider the magnitude of
perturbation on the inertia tensor and the resulting trajectory of
TPW are necessary to validate or preclude these scenarios. These
models may consider mantle tomographic constraints on the loca-
tion and size of subducted slabs from the relevant time interval
(Fritzell et al., 2016; Sigloch and Mihalynuk, 2013; D.G. van der
Meer et al., 2010) as well as a range of possible assumptions for
lithospheric strength and mantle rheology (Creveling et al., 2012).

Finally, the occurrence of large-amplitude TPW in the Late
Jurassic holds implications for the interpretation of paleoenviron-
mental and sea-level records. Because TPW results in sea-level rise
and fall in alternating quadrants of the Earth (e.g., Mound and
Mitrovica, 1998), transgressions and regressions observed in the
local sea-level record during an interval of TPW may be strongly
biased based on their location relative to the axis of TPW rota-
tion. Nearly continuous records of sea-level change are available in
select locations during the Late Jurassic. Among these, data from
the Russian Platform and the North Sea appear to show sea-level
rise (Sahagian et al., 1996; Vail et al,, 1984), while records from
the Arabian Platform qualitatively show sea-level fall (Haq and
Al-Qahtani, 2005). The location of the Arabian Platform in an ad-
jacent quadrant compared to the other localities implies that the
opposite sign of sea-level change is fully consistent with a TPW
origin while inconsistent with eustatic sea-level change (Muttoni
and Kent, 2016). Sea-level records during time intervals of possi-
ble TPW should therefore be corrected for its effects before being
used to infer global, eustatic change.

5. Conclusion

By densely sampling remaining materials from the ODP Site
801B recovered from the oldest Pacific crust, we obtained six new
mean paleolatitudes for the Pacific Plate between Bathonian and
Valanginian time (167-133 Ma). Our igneous samples imply a pa-
leolatitude of 4.4°S 4-2.0° at 167 &+ 1.4 Ma while our paleolatitudes
derived from the overlying tilt-corrected sediments show south-
ward drift of the Pacific Plate at 0.49° +0.34°My~! before the
Kimmeridgian and at 0.74° +£0.09° My~! after the Tithonian. The
latter velocity includes and is consistent with previous paleomag-
netic results from Steiner and Wallick (1992).

Critically, tilt-corrected sedimentary samples between Kim-
meridgian and Tithonian age (157.3-146.7 Ma) show northward
motion 1.45° £0.76° My~! (Fig. 6; Table 2). This anomalous north-
ward motion remains robust independent of the assumed bios-
tratigraphic age model. Furthermore, its timing and velocity agree
with predictions from the Late Jurassic TPW hypothesis (Kent et
al.,, 2015), even when assuming a range of possible velocities for
the tectonic drift of the Pacific Plate over the deep mantle. Finally,
the inferred sense of shear between the Farallon and North Amer-

ican Plates between 160.2 and 140.1 Ma are consistent with our
paleolatitude results.

Our results therefore suggest that large amplitude TPW oc-
curred as recently as the Late Jurassic. Such an event may be due
to mass perturbations in the mantle due to the sinking of sub-
ducted slabs in the Mongol-Okhotsk ocean or the Cordillera of
western North America. Alternatively, the rise of deep mantle ma-
terial as part of the established South Atlantic plume associated
with the Karoo-Ferrar LIP or the forthcoming plume that caused
the later Parana-Etendeka LIP may have contributed to shifting the
Earth’s inertia tensor. Further theoretical work investigating the
plausibility of these driving mechanisms can yield further insights
on the evolution of mass anomalies in the mantle, while further
paleomagnetic experiments on both continental and oceanic crust
material during the Late Jurassic to Early Cretaceous will refine the
estimates for the timing and rate of TPW motion.
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