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the two records on their independent chronologies confirms that local PSV is recorded, demonstrating
that such archives, notwithstanding complexities due to variable sedimentary regimes, deposition rates,

Editor: B, Buffett and diagenetic conditions, provide meaningful information on past changes of the geomagnetic field.

Comparisons with other independently dated sedimentary paleomagnetic records from the NE Pacific
Keywords: indicate largely coherent inclination records that in combination create a NE Pacific sedimentary
paleomagnetic secular variation inclination anomaly stack (NEPSIAS) capturing the common signal over an area spanning >30° longitude
North Pacific and latitude from Alaska through Oregon to Hawaii. Comparisons of NEPSIAS with high quality
Alaska declination records from the northern North Atlantic (NNA) show that negative (shallow) inclination
Holocene anomalies in NEPSIAS are associated with eastward NNA declinations while positive (steep) inclination

geomagnetism anomalies in NEPSIAS are associated with westward NNA declinations. Comparison of these directional

records to regional geomagnetic intensities over the past ~3000 yrs in North America and back nearly
8000 yrs in the Euro/Mediterranean region, are consistent with a driving mechanism of oscillations
in the relative strength of the North American and Euro/Mediterranean flux lobes. The persistence of
these dynamics through the Holocene implicates a long-lived organizing structure likely imposed on the
geomagnetic field by the lower mantle and/or inner core. These observations underscore a fundamental
connection between directional PSV in the North Pacific with that of the North Atlantic, supporting the
potential for long-distance correlation of directional PSV as a chronostratigraphic tool.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction viation from a GAD, in conjunction with the unresolved tempo-
ral and spatial scales over which non-dipolar structures persist

1.1. Paleomagnetic secular variation (Bloxham and Gubbins, 1987) precludes accurate prediction of fu-
ture geomagnetic field behavior and hinders our ability to recon-

Averaged over tens of thousands of years, Earth’s magnetic field struct past field morphologies. Historical reconstructions indicate
can be approximated by a geocentric axial dipole (GAD) (Merrill the existence of persistent concentrations of geomagnetic flux,

et al,, 1996). However, at any given moment the geomagnetic field
expressed at Earth's surface deviates substantially from this ideal-
ized morphology (Jackson et al., 2000). Field morphology changes
with time, displaying variable tilt of the best-fitting dipole rela-
tive to Earth's axis of rotation, as well as non-dipole structures
(Merrill et al., 1996). Incomplete understanding of what drives de-

such as the Canadian and Siberian flux lobes, which may result
from organizing structure imposed on the geomagnetic field by
lower mantle heterogeneity (Bloxham and Gubbins, 1987). Patterns
of paleomagnetic secular variation (PSV) are unlikely to be ran-
dom, and the interplay of dipolar and non-dipolar components of
the field may allow us to understand the dynamics of geomagnetic
change.
Trresponding author at: College of Earth, Ocean, and Atmospheric Sciences, Observation-based reconstructions of the global geomagnetic
Oregon State University, Corvallis, OR 97331, United States. field (Constable et al., 2016; Nilsson et al., 2010, 2011, 2014),
E-mail address: mwalczak@ceoas.oregonstate.edu (M.H. Walczak), as well as dynamo modeling studies (Amit et al, 2011) sug-

http://dx.doi.org/10.1016/j.epsl.2017.05.022
0012-821X/© 2017 Elsevier B.V. All rights reserved.



178 M.H. Walczak et al. / Earth and Planetary Science Letters 473 (2017) 177-189

gy

acier

" Bering
= g

Gy _of v

Copper River—

60°N ; - ¥ Delta

58°N

56°N

152°wW 149°W

146°W

143°W 140°W

Fig. 1. Site map showing the bathymetry of the Gulf of Alaska, as well as the locations of shelf core EW0408-79]C and slope core EW0408-85]C. The locations of the major
sediment sources to the margin, which include drainages from the Bering and Malaspina glaciers as well as the Copper River, are labeled. Inset map (modified from Constable
et al,, 2016) shows the historical time averaged (1590-1990 C.E) vertical component of the magnetic field at the core/mantle boundary (Jackson et al., 2000); the position of
the Gulf of Alaska on the western edge of the North American flux lobe is outlined in red. (For interpretation of the references to color in this figure, the reader is referred

to the web version of this article.)

gest that oscillations of flux concentrations at a few recurrent
locations could be drivers of mid-latitude PSV. However, alterna-
tive conceptual drivers of centennial-to millennial-scale PSV vari-
ability, including drift of non-dipole field sources, remain plausi-
ble (Nilsson et al., 2010, 2014). Beyond the last 5000 yrs, high-
quality observations of PSV behavior are concentrated in the At-
lantic sector of the northern hemisphere (Constable et al., 2016;
Stoner et al., 2013), while those from the Pacific sector (Verosub
et al, 1986; Peng and King, 1992; Geiss and Banerjee, 2003;
Lisé-Pronovost et al., 2009) remain rare and have limited tempo-
ral resolution and/or chronological control. More detailed records,
extending further back in time and covering a larger geographic
range, are needed to facilitate a better understanding of the spatial
dynamics of the geomagnetic field.

Continental margin sediments can provide greatly expanded,
and in many cases well-dated, paleomagnetic records from widely
distributed locations. However, interpretations of these records are
complicated by variable sedimentation rates, lithogenic sources,
transport mechanisms, and diagenetic conditions. Here we recon-
struct PSV from the continental margin of the Gulf of Alaska using
jumbo piston cores, as well as their attendant trigger (gravity)
cores and multi-cores designed to preserve the sediment/water
interface; all were collected during R/V Ewing cruise EW0408 in
2004 (Fig. 1). Independent marine radiocarbon chronologies and
lithologic variability assessed through computerized tomographic
(CT) scans support development of continuous high resolution PSV
records that span ~6200 cal ybp on the open continental shelf
(Site EW0408-79JC; 59.53°N, 141.76°W, 158 m water depth) and
~17,000 cal ybp from a small depositional basin on adjacent Kayak
slope (Site EW0408-85]C; 59.56°N, 144.15°W, 682 m water depth).
Comparisons with other independently dated PSV records allow us
to evaluate coherence throughout the NE Pacific as well as the re-
lationship of NE Pacific PSV to records from the North Atlantic,
Europe, and global field reconstructions.

1.2. Geologic setting: the Gulf of Alaska

The Gulf of Alaska is a tectonically active, glaciated margin.
Sedimentation is overwhelmingly terrigenous, with major sources
including the drainages of the Bering and Malaspina Glaciers, as
well as the Copper River (Fig. 1). Modern accumulation rates on
the shelf range from ~0.1-3 cm/yr (Jaeger and Nittrouer, 2006),
and expanded lithogenic depositional sequences potentially allow
for PSV reconstructions at a resolution impossible to capture in
slowly-accumulating deep-sea sediments.

Although there is an opportunity to record the geomagnetic
field at high-resolution, marine continental margin records are
prone to a variety of complications. The sediment supply to the
northeast Gulf of Alaska is diverse, associated with both the prox-
imal erosion of the St. Elias Range by the Bering and Malaspina
glaciers, as well as potential distal delivery from the Copper River
catchment; these source diverse lithologies that differ in mag-
netic properties (Cowan et al., 2006), potentially complicating in-
terpretations of normalized remanence. Additionally, while benthic
oxygen levels on the margin have been increasing through the
Holocene, the early Holocene and late deglacial intervals experi-
enced episodes of benthic hypoxia (Davies et al,, 2011; Addison et
al, 2012). This can lead to degradation of paleomagnetic records
via destruction of primary iron-bearing magnetic remanence carri-
ers during bacterially-mediated anaerobic sulfate reduction (Karlin
and Levi, 1983; Tarduno and Wilkinson, 1996), and/or production
of secondary magnetic minerals (Roberts et al., 2012).

2. Methods
2.1. Bulk sediment properties

Magnetic susceptibility (MS) and gamma-ray attenuation (GRA)
bulk-density data were measured shipboard on whole cores on a
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Fig. 2. a) Computerized tomographic (CT) scan of EW0408-79]C, shown in false color to highlight density changes. Warmer (green, yellow) colors indicate high densities

associated with coarser lithofacies, while cooler (blue, purple)

colors indicate lower densities associated with finer facies and biogenic sedimentation. The massive sandy-silt

deposit excluded from paleomagnetic interpretation (575-705 cmbsf) is indicated in orange. b) The section below 1350 cmbsf in the core shows vertical flow structures

meters in scale, indicative of extreme coring deformation. c) Computerized tomographic (CT)

et al,, 2011). Warmer (green, yellow)

scan of EW0408-85]C, shown in false color to highlight density changes (Davies

colors indicate high densities associated with coarser lithofacies, while cooler (blue, purple) colors indicate lower densities associated

with finer facies and biogenic sedimentation. d) The deglacial transition is characterized by abrupt shifts in lithology, as well as intermittent laminae preservation associated
with high organic carbon content and low bottom water oxygen content. (For interpretation of the colors in this figure, the reader is referred to the web version of this

article.)

GEOTEK MSCL-S multi-sensor core logger at 1 cm intervals. Mag-
netic susceptibility was measured at 0.5 cm intervals in the split
multi-core, trigger-core, and uppermost sections of jumbo piston
cores EW0408-85]JC using a Bartington MS2E core-logging point
sensor (Fig. S.1).

2.2. Computerized tomographic (CT) scanning

Computerized tomographic (CT) density measurements were
performed at the Oregon State University College of Veterinary
Medicine using a Toshiba Aquilion 64 Slice instrument. Scan collec-
tion and processing were conducted following methods in Davies
et al. (2011) (Fig. 2).

2.3. Radiocarbon dating

Planktonic foraminifera were picked from the >150 um grain-
size sediment fraction. The two predominant planktonic species
for the sites, N. pachyderma (sinistral) and G. bulloides, were an-
alyzed separately at 604 centimeters below sea floor (cmbsf) in
core EW0408-79]C, and at 555 cmbsf in core EW0408-85]C. The
resultant N. pachyderma radiocarbon age is 10 + 50 yIs younger
than that for the G. bulloides in core EW0408-79]C, and 65 £ 50 yrs
greater than that for the G. bulloides in core EW0408-85]C (Davies
et al, 2011). As these differences approximate the measurement
uncertainty for the individual samples, for all other depths species
were combined to increase sample size and reduce analytical error.

Radiocarbon analyses were performed at the UC Irvine Keck
AMS facility. A total of 38 radiocarbon measurements were per-
formed for 37 stratigraphic horizons in core EW0408-85]C: 3 plank-
tonic samples from the trigger core, and 35 planktonic samples
from the jumbo piston core (Table A.1: Davies-Walczak et al.,
2014). A total of 11 radiocarbon measurements were performed
for 10 stratigraphic horizons in core EW0408-79]C (Table A.1). The
raw radiocarbon dates were converted to a calendar age scale using
the Marine13 calibration (Reimer et al., 2013). To account for re-

gional surface-water reservoir ages of 880 = 80 yrs, a constant AR
of 470 & 80 yrs was applied to all planktonic foraminiferal dates
(Davies-Walczak et al., 2014). Correlation of marine tephra layers
that have also been dated on land suggest that near-surface marine
reservoir ages in this region may vary by at most a few hundred
years (Praetorius et al., 2016). To generate age-depth relationships
for the cores, we apply a Bayesian probabilistic model (BChron;
Haslett and Parnell, 2008) to the remaining calibrated planktonic
foraminiferal dates, assuming constant reservoir ages with respect
to a changing atmosphere (Davies-Walczak et al., 2014).

2.4. Magnetic methods

Natural remanent magnetization (NRM) of u-channel samples
was measured using a 2G Enterprises cryogenic magnetometer at
the University of Florida. NRM measurements were performed at
1-cm spacing, though each data point reflects an integral within
the magnetometer's pickup coils detection window, which resem-
bles a Gaussian response function (~4.5 cm width at half height).
Measurements were made before demagnetization and after 14
alternating-field (AF) demagnetization steps with peak AF from
10-100 mT at 5 mT increments between 10-50 mT and 10 mT
increments between 50-100 mT.

Low-field volumetric magnetic susceptibility (k) measurements
of u-channel samples were performed at 1-cm spacing at the
University of Florida using a Saffire Instruments SI2B magnetic
susceptibility loop system. Anhysteretic remanent magnetization
(ARM), also expressed as anhysteretic susceptibility of ARM (KaRM),
was applied to each u-channel in a peak AF of 100 mT, with a
50 uT direct current (DC) bias field, and measured at 1-cm in-
tervals prior to and after AF demagnetization at the same steps
used for NRM up to 80 mT. Isothermal remanent magnetizations
(IRM) were produced using pulsed DC fields of 0.3 T (IRMo.371)
and 0.95 T (IRMggs, assumed to represent a saturating field and
generate a saturation isothermal remanent magnetization, SIRM)
applied down the +Z axis and a reversed DC field of 0.3 T applied
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down the —Z axis (IRM_g37). The IRMg 3t was measured prior to
and after demagnetization at the same steps used for ARM, while
the IRMogst and IRM_g3r were measured prior to and after AF
demagnetization at peak fields of 30 and 60 mT. To evaluate coer-
civity and magnetic mineralogy, S-ratios were calculated according
to Bloemendal et al. (1992), via normalization of the IRM_g 51 by
the IRMp g57. Values approaching 1 indicate a lower coercivity ferri-
magnetic mineralogy (e.g. magnetite), while lower values indicate
higher coercivities and a potential antiferromagnetic mineralogic
(e.g. hematite) contribution.

To better evaluate potential variability of magnetic remanence
carriers through the lithologic units of EW0408-85TC/JC, hystere-
sis, backfield, IRM thermal demagnetization, and room temperature
to low-temperature SIRM (RTLTSIRM) experiments were performed
on nine samples from the late Holocene, early Holocene/deglacial
transition, and late glacial portions of the core at the Institute for
Rock Magnetism at the University of Minnesota. Hysteresis param-
eters including saturation remanence (M), saturation magnetiza-
tion (Ms), coercivity (B¢), and coercivity of remanence (Ber) were
acquired and IRM was imparted for thermal demagnetization mea-
surements in a field of 1 T on a Princeton Measurements Corpo-
ration MicroMag vibrating sample magnetometer (VSM). A 2.5 T
SIRM was acquired and measured while cooling from 300 K to
10 K and then warming back to 300 K (RTLTSIRM) on a Quan-
tum Design Magnetic Properties Measurement System. Additional
hysteresis and backfield measurements were made using a VSM at
the Pacific NW Paleomagnetism Laboratory at Western Washington
University.

3. Results
3.1. Generation of composite depth scale

Composite sediment depths in centimeters-below-sea-floor
(cmbsf) were established empirically using visual correlation of
point-source magnetic susceptibility and gamma density data to
align the jumbo piston cores with their trigger cores and atten-
dant multi-cores (Fig. S.1). At the site of core EW0408-79]C, the
jumbo piston core did not detectably lose sediment at the core
top. Trigger core EW0408-79TC apparently lost 13 c¢m of core top,
while multi-core EW0408-78MC7 captured the sediment/water in-
terface. The resultant cmbsf scale for site EW0408-79]C therefore
adds 13 cm to the measured trigger core depths. At the site of
core EW0408-85]C, the jumbo piston core lost 150 cm of core top.
Trigger core EW0408-85TC lost 13 cm of core top, while the multi-
core EW0408-84MC8 successfully captured the sediment/water
interface. Therefore, to generate a composite cmbsf scale for site
EW0408-85]C, 150 cm were added to the measured jumbo core
depths and 13 cm were added to the measured trigger core depths
(Davies et al., 2011).

3.2. Chronology

Assuming constant accumulation rates below the deepest dated
interval (1204 cmbsf), the portion of shelf core EW0408-79]C not
disturbed by coring (0 to 1350 cmbsf) extends to 6260 cal ybp
(Fig. 3). Accumulation rates range from ~100 to 800 cm/kyr in the
jumbo piston core, with highest sedimentation rates in the upper
600 cmbsf (~1500 cal ybp), peaking in the 200 to 500 cmbsf inter-
val (~800 to 1000 cal ybp). Slope core EW0408-85]C spans 17,400
cal ybp (Fig. 3), and documents the most recent deglaciation of
the NE Pacific (Davies et al., 2011). Accumulation rates range from
~10 cm/kyr during two laminated intervals following regional ice
retreat in the Belling and post-Younger Dryas, to >500 cm/kyr dur-
ing ice-proximal marine sedimentation in the lower 440 cm of the
core.
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Fig. 3. Calibrated planktonic foraminiferal radiocarbon dates used to generate the
age models for EW0408-79C (blue diamonds) and EW0408-85]C (red diamonds:
Davies-Walczak et al., 2014). Depth, on the vertical axis, is plotted on a composite
centimeters-below-seafloor (cmbsf) scale described in methods and illustrated in
supplemental figure S.1. Dates were converted to calendar ages using the Marine13
calibration and AR of 470 - 80 yrs (see text for details). Plotted error bars on indi-
vidual dates and the error windows of the age models represent 41-o uncertainty.
The solid lines reflect the weighted mean age, while the dashed lines represent the
upper and lower 1-o uncertainty limits of the age-depth model. (For interpretation
of the references to color in this figure, the reader is referred to the web version of
this article.)

3.3. Lithology

The shelf core EW0408-79]C comprises mainly dark greenish-
gray bioturbated silty clay, with interbedded sand/silt layers rang-
ing from sub-millimeter to several centimeters in thickness. The
CT-scan imagery shows strong vertical deformation structures in
the sediment recovered below 1350 cmbsf (Fig. 2b), reflecting a
complete distortion of primary depositional fabric and as such was
excluded from interpretation.

The CT scan imagery, supported by the core logger (MSCL)
data and radiocarbon dates, suggest that core EWO0408-79]C can be
crudely divided into two distinct depositional units (Fig. 2). The in-
terval from 0 to 550 cmbsf display well-preserved (450-400 cmbsf)
to partially-bioturbated laminations and bi-modal densities aver-
aging ~1.79 + 0.1 g/cm?, contrasting with a more homogeneous
unit between ~550-1200 cmbsf characterized by overall higher
density (~1.82 £ 0.04 g/cm?) and punctuated by occasional sandy
layers with sharp and sometimes erosive basal contacts. At depths
of ~1200-1350 cmbsf, CT scans suggest a similar lithofacies to
the uppermost portion of the core, with strong density contrasts
and partially-bioturbated laminations (Fig. 2). The preservation of
laminations on the oxygenated shelf suggests that episodic sed-
imentation rates exceed 2 cm/yr (Jaeger and Nittrouer, 2006) in
those intervals.

The homogeneous sandier unit in core EW0408-79]C between
~550-1200 cmbsf is capped at 575-705 cmbsf by a massive
sandy-silt layer with anomalously high x and a sharp basal contact
(Figs. 2 and 4). This massive unit has a magnetic and bulk lithol-
ogy distinct from the overlying and underlying sediments and may
have been deposited nearly instantaneously. As a result we exclude
these depths from paleomagnetic interpretation (Fig. 4).

Slope core EW0408-85]C captures distinct changes in lithol-
ogy that reflect the environmental history of the Gulf of Alaska



M.H. Walczak et al. / Earth and Planetary Science Letters 473 (2017) 177-189 181

EW0408-79JC

Mag Sus (Sl x 10°)

NRM (A/m) Comp Dec (deg) IRM (A/m) Karu/k (S1)
0 0.05 0.1 0.15 -100 -50 0 50 100 0 400 800 1200 1600 012345678 0 1 2 3 a4 5

WWM
N

200
400

:
<
=

1000 |

1200

wwwwwwww

PRIy

1400

I
£
2

-

30 40 50 60 70 80 90 0
Comp Inc (deg)

2 4
MAD (deg)

o i i | 1 il i B M ) M ) W ) i i Y i R 2 Lo TR

3

'g 600 8 massive
S sandy-silt
=

.

% 800 %

(=]

| P I I P |

= WA nranrsn Ve pom W Atyed

A~

[——==
——
5

ah

A
"

1
I
3

& Radiocarbon
Age Control

=

comameSan e

e

A Y vy

s

I
I
I
[
I o
[
|
I
I
I

lanno=onn

apan=

AzAs

| N I | (B ) 557 159/ oy
0.5 06 0.7 0.8 09 1 200 800 1600 2400
S-Ratio (IRM ,./IRM, ) Accum Rate (cm/kyr)

0 0.04  0.08
ARM (A/m)

o

Fig. 4. Bulk magnetic parameters from EW0408-79)C. From left to right: natural remanent magnetization (NRM) intensities after AF-demagnetization at steps from 0-100 mT,
component inclinations (GAD = 74°, shown as dashed line), declinations, and maximum angular deviations (MAD) calculated from the 10-60 mT steps, magnetic susceptibil-
ity, anhysteretic remanent magnetization (ARM) and isothermal remanent magnetization (IRM) acquired at a 0.3 T DC field after AF-demagnetization at steps from 0-80 mT,
S-Ratio, karm/k, and sediment accumulation rates derived from the planktonic radiocarbon dates (red triangles). The massive sandy-silt deposit excluded from paleomagnetic
interpretation (575-705 cmbsf) is indicated in orange. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)

over the last 17,400 yrs, including the retreat of the Cordilleran
ice sheet in the late Pleistocene and large-scale oceanographic
changes during the transition into relatively stable Holocene cli-
mate conditions (Fig. 2) (Davies et al., 2011). The deepest unit,
from the base of the core at ~1270 cmbsf to 831 cmbsf, con-
sists of a massive dark gray diamict interpreted as reflecting ice-
proximal glacial-marine sedimentation (Davies et al., 2011). At 831
cmbsf there is a sharp contact with a relatively low-density lami-
nated unit 34 cm thick (Fig. 2d), reflecting high primary productiv-
ity and low bottom-water oxygen content, an interpretation sup-
ported by excess concentrations of Mo and U (Davies et al., 2011:
Addison et al,, 2012). There is an increase in lithogenic sediment
with coarse pebbles interpreted as ice-rafted debris between 745
and 797 cmbsf (Fig. 2b). This unit reflects a return to glacial con-
ditions accompanying a decrease in primary productivity and re-
newed bottom-water oxygen (Davies et al., 2011: Addison et al.,
2012). From 0-745 cmbsf, sedimentation at the site is broadly
characterized by bioturbated dark-gray silty clays, although the
interval from 730-745 cmbsf is weakly laminated and has ele-
vated Mo and U contents, indicating a second episode of low
bottom-water oxygen in the early Holocene (Davies et al., 2011;
Addison et al., 2012).

3.4. Natural and laboratory remanent magnetizations

Component magnetic directions (declination and inclination)
and their maximum angular deviations (MAD) were calculated us-
ing the principal component analysis method on all steps from
10-60 mT (Kirschvink, 1980), establishing the characteristic re-

manent magnetization (ChRM). Figs. 4 and 5 show the NRM in-
tensities, ChRM directions and their associated MAD values, mag-
netic susceptibility, ARM and IRM intensities, S-ratios, karm/«,
and sedimentation rates for jumbo piston cores EW0408-79JC and
EW0408-85]C (Figs. S.2 and S.3 present the same data for asso-
ciated multi- and trigger cores). To better evaluate the interval
of low-intensity magnetization sensitive to measurement noise in
EWO0408-85]C, alternative optimized component directions were
also calculated using the 7 most consistent directions from the
14 AF demagnetization steps from 0-100 mT (Figs. S.4 and S.5).
Due to lack of azimuthal orientation, declinations are initially ro-
tated to a core mean of zero. ChRM inclinations from both cores
are close to their GAD expected values (~74°), and NRM vector
components proceed towards the origin with progressive demag-
netization (Fig. S.5), suggesting that the geomagnetic field is being
recorded with directional fidelity.

For EWO0408-79]C, MAD values are generally less than 2°
throughout the core, indicating consistently well-defined magne-
tizations. However, centimeter-scale variations in directions, in-
tensity, and MAD values occur in sediments with partially- to
well-preserved primary depositional structures from 0-500 cmbsf
(<1100 cal ybp) and at depths greater than 1200 cmbsf (>5500 cal
ybp), suggesting that the fine-scale magnetic variations result from
this heterogeneous lithofacies. NRM, ARM and IRM intensities (re-
spectively averaging 0.041 & 0.013 A/m, 0.023 + 0.004 A/m and
1.61+0.22 A/m after 30 mT AF demagnetization) are consistently
higher than those observed in slope core EW0408-85]JC. Down-core
trends are minimal, although increases in NRM, ARM, and IRM
intensities are observed in the higher-density depositional unit
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magnetization (IRM) acquired at a 0.3 T DC field after AF-demagnetization at steps from 0-80 mT, S-Ratio, Karm/k, and sediment accumulation rates derived from the

planktonic radiocarbon dates (red triangles). (For interpretation of the colors in this figure, the

between 550-1200 cmbsf (Fig. 4). S-ratios vary around 0.95 and
KARM/K values vary around 1.4, implying a relatively consistent
ferrimagnetic mineralogy of generally uniform average magnetic
grain-size, estimated to be ~5 pum using the calibration of King et
al. (1982). Ratios derived from hysteresis parameters (Fig. S.6) plot
in the pseudo single domain (PSD) field (Day et al., 1977).

Core EW0408-85]C, in contrast to the shelf site, exhibits pro-
nounced millennial-scale changes in magnetic properties, reflecting
evolution of the depositional environment over the last 17,400 yrs
(Fig. 5). NRM, ARM and IRM (after 30 mT AF demagnetization)
have respective means of 0.018 + 0.016 A/m, 0.015 £ 0.01 A/m
and 0.95 £ 0.5 A/m (Fig. 5), showing greater variance, albeit over
a much longer time interval, than observed at EW0408-79]C. Low
remanence intensities observed between ~550-840 cmbsf contrast
with higher intensities at the top and bottom of the core, resulting
in the much greater long-term variability. The S-ratio and xagy/k
follow a similar pattern, with lower values in the central part of
the core, consistent with magnetic mineralogy and/or grain-size
changes.

High magnetic intensities in EWO0408-85]C are observed be-
tween the core top and 530 cmbsf (<7200 cal ybp) and below
800 cmbsf (>13,500 cal ybp). MAD values covary, with the up-
per ~530 cmbsf displaying well-defined magnetization with val-
ues mostly <1°. MAD values are higher and more variable be-
low 530 cmbsf, though generally less than 10° except for the
deglacial interval between 715-795 cmbsf (~10,100-12,700 cal
ybp) that is characterized by much lower NRM intensities (8 x
1074 £ 6 x 1074 A/m at 30 mT AF demagnetization), 10-60 mT
ChRM, MAD values approaching 40°, and component inclinations

reader is referred to the web version of this article.)

varying around a mean ~15° shallower than the GAD prediction
for the site latitude.

For most of the EW0408-85]C record, the optimized component
directions result in essentially identical results to those determined
using all steps between 10-60 mT, though with (by definition)
improved MAD values (Figs. S.45 and 5). The only significant dif-
ferences occur in the lowest intensity interval, ~710-800 cmbsf,
~10,000 to 13,500 cal ybp, where MAD values are significantly
reduced from as high as around 40° to <10° and the resultant
directions show reduced variability and improved serial correla-
tion with overall steeper and more GAD-like inclinations (Fig. S.4).
The optimized ChRM directions are similar to those obtained from
the 20 mT AF demagnetization step, suggesting that the optimized
component directions largely reflect a low-coercivity primary mag-
netization appropriate for recording PSV.

3.5. Temperature dependent and infield magnetic measurements

Examination of magnetic hysteresis properties, thermal demag-
netization behavior (Ms/T), and low-temperature remanence (RTLT-
SIRM) curves allows further insights into the magnetic properties
of EW0408-85]C (Fig. 6: Fig. S.7). Outside of the low intensity in-
terval in 85JC (~710-850 cmbsf), ratios derived from the hysteresis
parameters plot in the pseudo single domain (PSD) field of a Day
et al. (1977) diagram (Fig. 6a), falling slightly above the theoretical
magnetite SD to MD mixing line (Dunlop, 2002). In the low inten-
sity interval, in contrast, hysteresis ratios are much more scattered
with coercivity ratios much higher (Fig. 6a) than would be typi-
cally expected for the magnetite (e.g. Dunlop, 2002). Low S-ratios
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(<0.9) are also observed in this interval providing additional evi-
dence for a greater proportion of high coercivity magnetic minerals
(Fig. 5).

A more detailed examination of the rock magnetic properties
was performed on nine samples spanning the range of sediment
lithologies present in EW0408-85TC/JC: three from Holocene sedi-
ments (62, 399, and 649 cmbsf), two from the organic-rich mate-
rial deposited during deglaciation (777.5 and 808 cmbsf), and four
from the late glacial diamict (850, 859, 949, and 1199 cmbsf). All
hysteresis loops (detrended to correct for the slope of the para-
magnetic contribution) are broadly consistent with a magnetite
mineralogy (Fig. S.7), although hysteresis loop widths from samples
7717.5, 808, and 850 cmbsf are somewhat greater than for samples

above (62 and 399 cmbsf) and below (859-1199 cmbsf), indica-
tive of a high-coercivity contribution to remanence (e.g., hematite;
Tauxe, 1998). The thermal demagnetization curves from all depths
measured show a Curie point of ~580°C, indicative of mag-
netite (Fig. 6¢). A transient increase in magnetization starting at
~400°C may indicate some contribution from Ti-poor titanomag-
netite or titanomaghemite exolving to form magnetite (Ozdemir
and O'Reilly, 1981). The role of magnetite as a remanence carrier
is supported by the RTLTSIRM curves, all of which display a tran-
sition at ~120 K (e.g., Verwey, 1939) (Fig. 6d) that is considered
to be diagnostic of magnetite (e.g., Jackson et al., 2011). However,
samples between 649 and 808 cmbsf (less 777.5 cmbsf, for which
no data is available) have a weaker transition and a ‘humped’ ap-
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pearance between 300 K and the ~120 K Verwey transition, likely
related to the convolved presence of maghemite and magnetite
(Ozdemir and Dunlop, 2010). The presence of a high-coercivity re-
manence carrier in this interval is further supported by the back-
field curves (Fig. 6b) and high B values (Fig. S.8). These higher B,
values observed for the deglacial (~710-850 cmbsf) interval per-
sist in the post-heating B¢, curves, supporting an interpretation of
hematite or maghemite surface oxidation of magnetite grains (e.g.,
Ozdemir and Dunlop, 1996; Passier et al., 2001).

4. Discussion
4.1. Magnetic remanence carriers and geomagnetic recording fidelity

Although the preservation of physical structure in EW0408-79]C
argues that sedimentation is episodic on short, perhaps annual,
timescales (e.g., Jaeger and Nittrouer, 2006), the overall high
sediment accumulation rate and general consistency in mud-
dominated lithofacies implies that PSV features on centennial
to millennial timescales should be preserved with little if any
smoothing or temporal offset. With the exception of the massive
sandy-silt interval excluded from interpretation (Fig. 4), ARM and
IRM magnetizations, S-ratios and Karm/K values in EW0408-79]C
all suggest the presence of a homogeneous population of low-
coercivity magnetic remanence carriers (i.e. magnetite) through
most of the last 6200 yrs.

The longer record in core EW0408-85]C displays a more compli-
cated depositional and preservation history. A low-intensity inter-

val between ~530-800 cmbsf (~7200-13,500 cal ybp; Fig. 5), in-
dicates a change in magnetic mineralogy likely driven by the com-
bined effects of changing sediment source, transport, and deposi-
tional regime along with early diagenesis (Karlin and Levi, 1983),
the latter perhaps related to discrete episodes of deglacial benthic
hypoxia previously documented at this site (Davies et al., 2011;
Addison et al., 2012). S-ratios below 0.9 (Fig. 5) and elevated B
(Figs. S.7 and S.8) document a magnetic assemblage with a greater
proportion of high-coercivity minerals (e.g., hematite, maghemite)
corresponding to surface oxidation of magnetite particles over the
710-850 cmbsf interval. However, the presence of magnetite is
clearly indicated by Curie temperature analyses, Verwey transitions
(Fig. 6), as well as by magnetic hysteresis data (Fig. S.7), through
the deglacial and early Holocene portions of the core. We thus
infer that a primary (depositional or post-depositional) remanent
magnetization is preserved with directions that can be interpreted
as geomagnetic in origin throughout the EW0408-85]C record,
though with less precision in the 710-850 cm (10,000-14,700 cal
ybp) interval. Lithologic variability in excess of recommended cri-
teria (Tauxe, 1993) make both EW0408-85JC and EW0408-79]C
non-ideal candidates for relative paleointensity reconstructions.

4.2. Paleomagnetic secular variation

Fig. 7 shows the composite (trigger core/jumbo piston core)
ChRM inclinations and declinations for the EW0408 sites on their
independent age models compared with global field model pre-
dictions for the site location. Inclinations at both sites, smoothed
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using a Caussian filter with a 100-yr 1o width to facilitate
comparison, are generally consistent with historical (CUFMT1;
Jackson et al.. 2000) and paleo (CALS10K.2; Constable et al., 2016;
FNBKE; Nilsson et al, 2010, 2011) global field model predic-
tions. Agreement between models and data suggest that PSV is
recorded by these continental margin sediments and, in turn,
that the models are capturing field dynamics in a region poorly
constrained by prior data. Distinctions do exist; for example the
almost 20° change from low to high inclination at ~950 cal ybp in
EW0408-79]C is nearly twice the magnitude of global field model
predictions. Unfortunately, part of this inclination event occurs
within a core break at EW0408-85TC (Fig. S.3) and is thus not as
well recovered, but it is consistent with a similar inclination event
recorded in volcanic (Hagstrum and Champion, 2002) and archeo-
magnetic data (Hagstrum and Blinman, 2010) from the western
US. In general the CALS10K.2 model predicts less variability than
observed in either record, although there is considerable similarity
on millennial timescales (Fig. 7).

The older part of the EW0408-85]C PSV record (>10,000 cal
ybp) suggests larger amplitude millennial-scale variability than is
observed in the Holocene, though it is conceivable that part of this
variability could result from uncorrected diagenetic influence on
the PSV record between ~10,000-14,700 cal ybp, as discussed in
Section 4.1 and should be initially treated as suspect. Global field
models provide no assistance during this time interval, however,
the independently dated (via eight radiocarbon dates) Grandfather
Lake, Alaska PSV record (Geiss and Banerjee, 2003) only 700 km
WNW of the EW0408-85]C site, also preserves high amplitude in-
clination variations prior to 10,000 cal ybp (Fig. 8).

As with any sedimentary PSV record obtained via piston cor-
ing, declinations are less straightforward than inclinations. Several
additional corrections were made after initially rotating the mean
declination of the entire core to zero. The most significant was
removal of a linear trend from EW0408-85TC, consistent with rota-
tion during core penetration. The linear-corrected declination was
then rotated to be consistent with historical GUFM model predic-
tions (mean declination for the last 400 yrs is ~28°) to correct for
the lack of azimuthal control (Fig. 7). EWO0408-85]JC declinations
were then rotated to match the mean of the trigger core. Section 2
was rotated an additional 20° to account for misalignment during
core splitting clearly visible on the core liner, The resulting dec-
lination time series from EW0408-85TC/JC and EW0408-79]C are
similar, however agreement with the global paleo-field models is
variable (Fig. 7) and additional records are needed for a robust
evaluation of regional declination.

4.3. Regional PSV comparisons and generation of a NE Pacific stack

Negative inclination anomalies of much greater magnitude than
have been observed historically, characterized by gradual growth
and abrupt recovery, have been recognized in volcanic (Hagstrum
and Champion, 2002) and archeomagnetic (Hagstrum and Blin-
man, 2010) PSV records from the western US. Similar features
have been found in sediment PSV records from the central (Lund,
1996) and western US (Verosub et al., 1986). Building upon histor-
ical (Thompson and Barraclough, 1982) and paleomagnetic (Lund,
1996) observations, the apparent similarity of PSV in the west-
ern US (Verosub et al, 1986; Hagstrum and Champion, 2002;
Hagstrum and Blinman, 2010) with sites in Alaska (Geiss and
Banerjee, 2003), the Chukchi Sea (Lisé-Pronovost et al., 2009) and
the Beaufort Sea (Barletta et al,, 2010) implies that at least some
aspects of the geomagnetic field behave coherently over roughly a
continental scale (Lund, 1996). However the lack of strong inde-
pendent chronologies for many of these records has remained the
weakest point in this inference.

Stacking independently-dated regional records from different
depositional environments helps to circumvent errors which ac-
company the recording, preservation, and recovery process at
individual sites by enhancing shared patterns of variation. Any
resulting coherence is likely to reflect regional geomagnetic his-
tory, with a quantifiable estimate of uncertainty, In addition
to the EW0408-85TC/JC PSV record we include three continu-
ous, independently-dated Pacific-sector paleomagnetic records of
Holocene PSV in a stack: Lake Waiau, Hawaii Core 82-2 (19.8°N,
155.5°W; Peng and King, 1992), Fish Lake, Oregon (42.7°N,
118.7°W; Verosub et al, 1986), and Grandfather Lake, Alaska
(59.8°, 158.6°W; Geiss and Banerjee, 2003). While we note
EW0408-79]C and EW0408-85]C show consistent PSV behavior for
their period of overlap, we elect to use only EW0408-85TC/]C in
the generation of this NE Pacific Stack as this record is of similar
resolution to the others and our focus is on longer-term variabil-
ity and spatial coherence. Lake Waiau core 82-2 is evaluated on
an updated age model using the published dates recalibrated to
Intcal13 (Peng and King, 1992; Reimer et al., 2013). Fish Lake, Ore-
gon (42.7°N, 118.7°W; Verosub et al., 1986), is presented on the
adjusted chronology proposed by Hagstrum and Champion (2002)
for the upper part of the record with an updated radiocarbon cal-
ibration to Intcal13, avoiding the mixed use of radiocarbon and
tephra ages (Verosub et al., 1986) that complicates the application
of modern calibrations in the early Holocene.

In order to evaluate the coherence of Holocene geomagnetic
inclination records across ~40° in latitude, we subtract the GAD-
predicted inclination for each site location from the inclination
record, noting that in the case of Fish Lake, an inclination cor-
rection of ~5° has already been applied (Verosub et al., 1986).
The resulting records of inclination deviation from GAD (ATl) were
then filtered with a Gaussian filter of 100-yr 1-0° width and inter-
polated to a constant resolution of 100 yrs on their independent
chronologies through intervals for which data was collected, and
an average Al value was calculated across all cores available for
each time point (Fig. 8).

To generate a North Pacific PSV declination stack all records
were initially rotated to a mean of 0, and relocated to the position
of EW0408-85]C via dipole transformation to account for latitu-
dinal effects on declination. Following this initial step, treatment
was the same as for the inclination stack: each record was fil-
tered with a Gaussian filter of 100-yr 1-o width and interpolated
to a constant 100-yr resolution on their independent chronologies,
then averaged at each time step across all cores for which data
was available (Fig. S.9). Grandfather Lake provides no declination
data due to lack of azimuthal orientation of the 1-m Livingston
core drives during core collection (Geiss and Banerjee, 2003). As
a result, our declination stack includes only three regional North
Pacific records. Of the remaining three records, Lake Waiau was
collected using 1-m Livingston core drives, similar to Grandfather
Lake, and Fish Lake was collected using non-oriented 3-m offset
drives, both of which present challenges to and reduce confidence
in reconstructions of declination. Therefore our primary focus will
be on the inclination record.

Although the age models are of varying resolutions and accu-
racies, and the depositional environments are diverse and widely
dispersed, a number of robustly defined, millennial-scale inclina-
tion anomalies (AT), both positive and negative, appear as coher-
ent features captured in the NE Pacific sedimentary inclination
anomaly stack (NEPSIAS). The three largest —Al anomalies are
found in the late Holocene: two well-known —AI events from
regional records at ~1400, and ~3000 (e.g., Hagstrum and Cham-
pion, 2002; Herrero-Bervera and Valet, 2007; Hagstrum and Blin-
man, 2010), and a third at ~4500 cal ybp (Fig. 8). Considering
NRM acquisition and stacking-induced smoothing, the amplitude
and rates of change of these Al features within NEPSIAS are likely
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minimum estimates, although they are somewhat larger than Al
features in global field model stacks generated from CALS10k.2
and FNBKE predictions for the NEPSIAS sites (Fig. 8). Additional
—AI anomalies are observed in the early to mid-Holocene, cen-
tered at ~7000 and ~8500 cal ybp; while the modeled stacks
capture shallow inclination features at similar times, there are dif-
ferences which highlight the need for additional records and/or
re-evaluation of model predictions for Pacific PSV. NEPSIAS ex-
tends beyond the limit of global field models, capturing an ad-
ditional broad —AJ anomaly centered around 11,500 cal ybp, with
EW0408-85]C suggesting another large —AI anomaly at ~16,000
cal ybp. (Fig. 8).

4.4. Drivers of Northern Hemisphere paleomagnetic secular variation

Deviations from GAD similar to those in NEPSIAS have been
observed at similar times in high-resolution North Atlantic PSV
records (Stoner et al., 2013). In the northern North Atlantic (NNA)
these deviations are primarily expressed as large eastward shifts
in declination associated with highs in European/Mediterranean
archeomagnetic intensity over the last ~8000 cal ybp (Genevey et
al., 2008). NEPSIAS builds upon these observations by showing that
—AI anomalies in the NE Pacific are roughly synchronous with
eastward NNA declinations over the full 11,500 yr length of the
NNA record (Stoner et al., 2013) (Fig. 9).

The overall morphologies of the NEPSIAS and NNA declination
records are similar, with no statistically apparent lead or lag be-
tween NEPSIAS —A[ anomalies and NNA declination (Fig. S.10).
Archeomagnetic (Hagstrum and Blinman, 2010) and lava-based
(Hagstrum and Champion, 2002) inclination reconstructions are
also temporally consistent with NEPSIAS and NNA declination
(Fig. 9) supporting the ability of the stack to reduce errors asso-
ciated with the sediment magnetization acquisition process and/or
systematic dating uncertainties. Steeper NEPSIAS inclinations are
associated with westward NNA declination shifts and, for the last
~3000 cal ybp, higher North American intensities (e.g., Genevey et
al,, 2008); although little North American intensity data is available
beyond 3000 cal ybp, the relationship between NEPSIAS inclination
and NNA declination appears to hold through the last 11,500 cal
ybp (Figs. 9 and S.10).

Well-resolved PSV reconstructions spanning the last 5,000 yrs
indicate that field morphology can be roughly broken into two
modes consistent with a geomagnetic flux lobe over North Amer-
ica alternating in dominance with a flux lobe over Europe (Gallet
et al,, 2009; Stoner et al., 2013). The ‘North American mode’, char-
acterized by relatively steep inclinations and high intensities in
N. America, westward declinations in the N, Atlantic, and low
intensities in Europe, is conceptually consistent with the time-
averaged historical field of the past few centuries (Fig. 1; Jackson
et al, 2000). The alternate ‘European mode’ is characterized by
periods of shallow inclination and low intensity in N. America,
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eastward declinations in the N. Atlantic, and high intensities in
Europe, consistent with the time-averaged mid-to-late Holocene
field (Amit et al., 2011). Inflection points for either steep NEPSIAS
inclinations and westward NNA declinations, or shallow NEPSIAS
inclination and eastward NNA declination, coincide with archeo-
magnetic jerks defined by Gallet et al. (2003) over the last ~3000
cal ybp. Based on this relationship, changes in NEPSIAS inclina-
tion may predict archeomagnetic jerks and/or periods of enhanced
dipole eccentricity (Gallet et al., 2009) beyond the temporal limit
of archeomagnetic data.

Observations of coherent inclination changes across a vast,
though as yet poorly-defined, area in the NE Pacific are generally
consistent with the idea of a regional ‘dipole window’ (Cox, 1962),
and the concept of subdued secular variation in the Pacific that has
a long history. Secular variation in the Pacific nonetheless appears
to co-vary with that in the dynamic Atlantic, suggesting that the
Pacific is sensitive to temporal variability in the relative strength of
distal flux-lobe features in quasi-persistent locations under North
America and Europe.

5. Summary and conclusions

High-resolution sedimentary records from two cores on the
Gulf of Alaska margin allow development of a ~17,400 yr record
of regional geomagnetic variability. General agreement between
the records on their independent chronologies confirms that local
PSV is recorded, demonstrating that such archives, notwithstand-
ing complexities due to variable sedimentary regimes, deposition
rates, and diagenetic conditions, provide meaningful information
on the past changes of the geomagnetic field. Much, but not all,

of the observed directional variability is consistent with spherical
harmonic (CALS10K.2; Constable et al., 2016) and/or VGP (FNBKE;
Nilsson et al., 2010) predictions, suggesting that PSV in this re-
gion is governed by large-scale geomagnetic dynamics. Compar-
isons with other independently-dated sedimentary paleomagnetic
records from the greater NE Pacific region (Verosub et al., 1986:
Peng and King, 1992; Geiss and Banerjee, 2003) indicate largely
coherent inclination records that we combine to produce a NE Pa-
cific sedimentary inclination stack (NEPSIAS). This stack documents
a common signal over a >30° longitude and latitude region span-
ning from Alaska through Oregon to Hawaii (Fig. 8).

Comparison of NEPSIAS with high quality declination records
from the northern North Atlantic shows NEPSIAS negative Al
anomalies are associated with eastward NNA declination and NEP-
SIAS positive Al anomalies are associated with westward NNA
declinations (Fig. 9). Comparison with regional geomagnetic inten-
sity, over the past ~3000 yrs in the North America and back nearly
8000 yrs in the Euro/Mediterranean region (e.g., Genevey et al.,
2008) suggest these directional records reflect variability in the rel-
ative strength of the North American flux lobe and Euro/Mediter-
ranean flux lobe (Gallet et al., 2009; Stoner et al., 2013). Persis-
tence of these features implicates a long-lived organizing structure
imposed on the geomagnetic field, perhaps by the lower mantle
(Bloxham and Gubbins, 1987), that profoundly influences the spa-
tial and temporal patterns of PSV. Although additional continuous
and independently dated records are required to assess the spatial
and temporal scales over which these geomagnetic structures per-
sist, this study highlights a straightforward relationship between
North Atlantic and North Pacific PSV and supports the correla-
tion of centennial to millennial-scale geomagnetic variability as
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a long distance chronostratigraphic tool throughout the Holocene
and perhaps beyond.
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