
Deep-tow magnetic anomaly study of the Pacific Jurassic Quiet Zone

and implications for the geomagnetic polarity reversal timescale and

geomagnetic field behavior

Masako Tominaga,1 William W. Sager,1 Maurice A. Tivey,2 and Sang-Mook Lee3

Received 27 November 2007; revised 16 April 2008; accepted 6 May 2008; published 26 July 2008.

[1] The Jurassic Quiet Zone (JQZ) is a region of low-amplitude magnetic anomalies
whose distinctive character may be related to geomagnetic field behavior. We collected
deep-tow magnetic profiles in Pigafetta Basin (western Pacific) where previous deep-tow
data partially covered the JQZ sequence. Our goals were to extend the survey through the
JQZ, examine anomaly correlations, and refine a preliminary geomagnetic polarity
timescale (GPTS) model. We collected a series of closely spaced profiles over anomaly
M34 and Ocean Drilling Program Hole 801C to examine anomaly correlation in detail,
one profile in between previous profiles, and two long profiles extending the survey
deeper into the JQZ. Anomaly features can be readily correlated except in a region of low-
amplitude, short-wavelength anomalies in the middle of the survey area (‘‘low-amplitude
zone’’ or LAZ). The small multiprofile surveys demonstrate anomaly linearity, implying
that surrounding anomalies are also linear and likely result from crustal recording of
geomagnetic field changes. We constructed a GPTS model assuming that most anomalies
result from polarity reversals. The polarity timescale is similar to the polarity sequences
from previous studies, but its global significance is uncertain because of problems
correlating anomalies in the LAZ and the ambiguous nature of the small JQZ anomalies.
Overall anomaly amplitude decreases with age into the LAZ and then increases again,
implying low geomagnetic field strength, perhaps related to a rapidly reversing field.
Other factors that may contribute to the LAZ are interference of anomalies over narrow,
crustal polarity zones and poorly understood local tectonic complexities.
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1. Introduction

[2] The Jurassic period appears to be a time of unusual
geomagnetic behavior with low-amplitude, difficult-to-cor-
relate marine magnetic anomalies. The unique, low-ampli-
tude character of the magnetic anomalies has invoked
discussion about the nature of the Jurassic magnetic field.
It was once suggested that this Jurassic ‘‘Quiet Zone’’ (JQZ)
reflects a period during which the geomagnetic field did not
reverse, analogous to the Cretaceous Quiet Zone [e.g.,
Heirtzler and Hayes, 1967; Larson and Pitman, 1972;
Hayes and Rabinowitz, 1975; Barrett and Keen, 1976].
Contemporaneous land magnetostratigraphic data contain
many geomagnetic field reversals [Steiner, 1980; Ogg et al.,
1984; Steiner et al., 1985; Steiner et al., 1987; Ogg et al.,

1991; Ogg and Gutowski, 1995], suggesting that the JQZ is
instead a period of rapid polarity reversals. Whether the
small-amplitude JQZ anomalies represent actual geomag-
netic field reversals or intensity fluctuations is a debate
with fundamental implications for the interpretation of
the geomagnetic polarity reversal timescale (GPTS) and
implied reversal rates, which may have been higher than at
any time in recorded geomagnetic history [e.g., Cande and
Kent, 1992a, 1992b; Sager et al., 1998; Roeser et al.,
2002; Bowles et al., 2003; Tivey et al., 2006].
[3] The JQZ encompasses middle to Late Jurassic age

seafloor in both Pacific and Atlantic oceans where magnetic
lineations are reduced in amplitude to the point of incoherence.
Over the years, the age of the young edge of the JQZ has been
pushed farther back in time as small, correlatable anomalies
were recognized deeper in the anomalous zone [e.g., Larson
and Hilde, 1975; Cande et al., 1978; Handschumacher et al.,
1988; Sager et al., 1998]. AlthoughM29 is the oldest anomaly
accepted in most GPTS models [Channell et al., 1995],
aeromagnetic and deep-tow magnetic data show many older
anomalies in the Pacific JQZ [Handschumacher et al., 1988;
Sageret al., 1998]. These older anomalies aremore apparent in
aeromagnetic and deep-tow data because these techniques
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allow better separation of external geomagnetic field variations
relative to crustal anomalies than do ship-towed sea surface
magnetic profiles.
[4] A 1992 deep-tow magnetic anomaly survey investi-

gated the western Pacific JQZ in Pigafetta Basin [Sager et
al., 1998], where Handschumacher et al. [1988] previously
mapped pre-M29 anomalies using aeromagnetic data. Piga-
fetta Basin was also drilled by the Ocean Drilling Program
(ODP) during Legs 129 and 185, coring Jurassic basalt in
Hole 801C [Lancelot et al., 1990; Plank et al., 2000].
Pigafetta Basin magnetic anomalies provide a high-resolu-
tion record because of rapid spreading (�65–79 mm/a half
rate) of the ancient Pacific-Izanagi Ridge [Nakanishi et al.,
1989; Sager et al., 1998]. The 1992 study was limited by
having only two parallel deep-tow profiles, which left the
repeatability of the oldest and smallest anomalies in ques-
tion. Furthermore, the two deep-tow lines do not extend to
either Hole 801C or the ‘‘rough-smooth boundary’’ (RSB)
that is thought to be the end of the small anomaly sequence
[Handschumacher et al., 1988; Abrams et al., 1993].
[5] In this study, we sought to investigate the nature of

the JQZ anomalies by collecting new deep-tow data. We
tested anomaly repeatability by collecting multiple, closely
spaced lines at two locations. We also extended the deep-
tow profiles past Hole 801C, southeast to the RSB to
provide a record of the complete anomaly sequence. This
approach was a compromise because time constraints would
not permit a large number of magnetic profiles to be
collected over the entire 950-km length study area. In a
previous publication [Tivey et al., 2006], we presented a
preliminary analysis of these data, including a GPTS. In this
study, we present the underlying derivation of that timescale
and a more in-depth examination of the anomalies, their
correlation, and their implication for the nature of the JQZ
geomagnetic field based on both the new data and existing
data.

1.1. Geological Background

[6] Pigafetta Basin is located within the Marcus-Wake
seamounts in the western Pacific Ocean, 500 to 1000 km
east of the northern Marianas Trench (Figure 1). The
abyssal seafloor is mostly flat and nearly featureless and
has an average depth of 5705 m (1s = 156 m), with igneous
basement below a few hundred meters of abyssal pelagic
sediment [Lancelot et al., 1990; Abrams et al., 1993]. The
oceanic lithosphere was originally formed at the NE-trend-
ing Pacific-Izanagi Ridge during the Jurassic [Nakanishi et
al., 1992]. Paleomagnetic studies at ODP Sites 800 and 801
indicate that Pigafetta Basin lithosphere formed slightly
south of the equator, then moved northward to its current
location [Larson et al., 1992]. The most significant post-
Jurassic geologic event that occurred in the basin was
intraplate volcanism during the Early and Middle Creta-
ceous, causing the emplacement of several plateaus, numer-
ous seamounts, and massive sills [Schlanger et al., 1981;
Koppers et al., 2003b]. Although such volcanism has the
potential to destroy prior magnetic signatures in the oceanic
crust, various studies have documented correlatable Jurassic
and Early Cretaceous magnetic lineations in this region
[e.g., Larson and Schlanger, 1981; Nakanishi et al., 1992].
Two factors are thought to explain the survival of pre-
Cretaceous anomalies: (1) volcanic source vents were

narrow and the sills mainly intruded the sediment column
and (2) laterally extensive, uniformly magnetized sills
should produce a significant magnetic anomaly only at their
edges [Larson and Schlanger, 1981].
[7] ODP Legs 129 and 185 succeeded in penetrating

�474 m into Jurassic oceanic crust at Hole 801C [Lancelot
et al., 1990; Plank et al., 2000]. Ar40/Ar39 geochronology
indicates that the oldest Jurassic basement is 167.4 ± 1.7 Ma.
This unit is overlain by �165 m of presumably off-axis
lavas with ages of 159.5 ± 2.8 and 160.1 ± 0.6 Ma [Koppers
et al., 2003a]. Results of basalt core paleomagnetic and
downhole magnetic log measurements from Hole 801C
show four zones of alternating polarity in the upper younger
extrusive volcanic flows and two zones in the oldest
Jurassic aged basement [Plank et al., 2000; Steiner, 2001;
Tivey et al., 2005].

2. Data and Methods

2.1. New Data Collection

[8] We used deep-tow magnetic data collected in 1992 by
R/V Thomas Washington (cruise TUNE08WT) [Sager et al.,
1998] and in 2002/03 by R/V Thomas G. Thompson (cruise
TN152). During TUNE08WT, a three-axis deep-tow flux-
gate magnetometer was towed �1000–1500 m above the
seafloor at an average speed of 2.1–2.5 kt (1.1–1.3 m/s).
During cruise TN152, a three-axis magnetometer was
mounted on the deep-tow DSL-120 side-scan sonar and
towed �100 m above the seafloor, controlled by onboard
winch to maintain this depth, at an average speed of 1.2 kt
(0.56 m/s). Track lines were designed to avoid seamounts
and to be oriented nearly perpendicular to the previously
mapped magnetic lineations (Figure 1).
[9] The position of the DSL-120 vehicle was calculated

from the ship’s GPS-determined location using the vehicle
layback measured from acoustic slant range between the
ship and the DSL-120. The slant range calculation was
calibrated during the detailed survey around Hole 801C
when a network of four transponders were deployed on the
seafloor to determine the deep-tow vehicle position using
acoustic triangulation. This calibration step improved the
accuracy of the layback calculation using slant-range only
for those survey lines outside of the transponder network.
[10] Three closely spaced, subparallel lines (lines 5-11,

5-12, and 5-13) were run over the extrapolated position of
anomaly M34, a well-defined anomaly from the 1992
survey (Figures 2 and 3). The rationale for this minisurvey
was to examine anomaly repeatability in a part of the JQZ
with well-defined, rapidly varying anomalies. Seven sub-
parallel profiles (lines 1, 2-1, 2-3, 2-5, 2-7, 3-4, 3-6, and 3-9)
were also collected in a small area around the Hole 801C
drill site (Figures 2 and 3). The purpose of this minisurvey
was to confirm the existence of lineated magnetic anomalies
in the vicinity of Hole 801C and to examine the correlation
of these anomalies with the downhole core and downhole
logging results (described by Tivey et al. [2005]). Two
125-km long subparallel lines were extended from Hole
801C south to the RSB (Lines 1 and 3-9) in order to
complete the oldest continuous seafloor record possible in
this area. In the northern part of the study area (Figures 1
and 4), a single survey line was extended from the flank of
Golden Dragon seamount south to Hole 801C, between the
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two profiles from the TUNE08WT cruise (new lines 4-1, 3-9
(contiguous) between old lines 92-1, 92-2). These new data
were intended to connect the recent survey data with the
previous deep-tow magnetic profiles and to examine
anomalies in an area of uncertain correlation. For reference,
we refer to the four regional subsets of new survey data as
M34, H801, SOUTH, and NORTH (Figure 1).

2.2. Magnetic Data Processing

[11] A total of �1550 km of new magnetic data from the
TN152 cruise were corrected and processed through the
following seven steps: (1) calibration of the fluxgate magne-
tometer output to absolute magnetic field, (2) merging of
magnetic datawith navigation and attitude data, (3) international
geomagnetic reference field (IGRF) correction, (4) external field

Figure 1. Location of survey area and ship tracks. Bottom chart shows bathymetry map (1000-m
contours) with selected magnetic lineations (northeast trending gray lines) and previous deep-tow
magnetic profiles (northwest trending gray lines) from Sager et al. [1998]. Deep-tow magnetic profiles
collected on cruise TN152 for this study are shown by thin black lines and Rough-Smooth Boundary
(RSB) by the light line. Dotted boxes show named subsets of the survey. Small numbers are line
identifiers. Upper left panel gives location of study area in regional context with land shown dark gray.
Wake Island location is shown as open circle. Upper right panel is an enlargement of the survey lines over
ODP Hole 801C (open circle).
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variation removal, (5) along-track resampling into equally
spaced points, (6) projection onto a common azimuth, and
(7) upward continuation from an uneven level to constant
depth at several levels using a Fourier transform method
[Guspi, 1987]. Most of these steps (1, 2, 5, and 6) were to
prepare the data for analysis and do nothing to change data
character. Step 3, the IGRF correction, is a standard pro-
cessing step to remove the best available model of the main
geomagnetic field. This step yields magnetic anomaly
values. For this IGRF correction, we subtracted model field
values calculated from IGRF 2000 [Olsen et al., 2000]. Step
4, the removal of short-term external field variations, was
done to avoid interpretation of such variations as a crustal
field signal. As for step 5, along track resampling was
necessary for subsequent Fourier transform calculations that
require equally spaced data. This resampling works as a
high-cut filter (1 sample/167 data points) on the raw data.
Both steps 6 and 7 optimize the magnetic anomalies for
qualitative correlations. The upward continuation step acts
as a low-pass filter, isolating the longer wavelengths and
allowing comparison of the deep-tow data with other
magnetic records that were not collected at the ocean floor.
[12] For external field corrections, we used the magnetic

variation record from nearly Wake Island (19.17�N,
166.36�E, Figure 1) for most survey days, when such data
were continuous and of good quality. For several Wake
Island data gaps, we used data from the magnetic observa-
tory at Guam. Guam data were filtered to obtain the long-
wavelength diurnal external field variation, scaled for
latitude change in daily range (using curves from
Onwumechili [1967]), and substituted for the missing
parts of the Wake Island data. Calculated daily magnetic
variations range from �30 to 80 nT and average 50.4 nT
(see Figure S1 in the auxiliary material1). Corrected varia-
tion data were shifted in time by the difference in solar time
between the station at Wake Island or Guam and the ship

location, and were subtracted from the total field magnetic
measurements. Because the external field variation correc-
tion is longer in wavelength and lower in amplitude than
most deep-tow anomalies, these corrections made little
change in the anomaly sequence character (see Figure S1).
[13] The deep-tow magnetic profiles show such high

resolution that it is sometimes difficult to discern long-
wavelength anomaly features, making correlation with
nearby tracks and sea surface data difficult. To emphasize
longer wavelengths, deep-tow data were upward continued
to three levels: �5.5 km, �3.0 km, and 0.0 km (sea surface)
levels. The �5.5 km level reflects a small amount of upward
continuation that removes depth variations of the magne-
tometer, which followed seafloor topography at 100 m
altitude. The middepth (�3.0 km) level and sea surface
levels were calculated to enhance longer wavelength
anomalies by filtering out shorter wavelengths. Using the
upward-continued data allowed us to more easily match
longer wavelength (�30 km) anomalies, which sometimes
provide a reference to help in correlating smaller anomalies
[Sager et al., 1998].

2.3. Magnetic Polarity Block Model

[14] Correlation models were made by matching peaks
and troughs of the magnetic profiles using inspection. These
correlations were used as the basis of a polarity block
model. We constructed the polarity model for two reasons.
First, this model gives us a time series that can be analyzed
to understand changes in geomagnetic field behavior. Sec-
ond, when calibrated with absolute age, a polarity block
model can be used to derive a GPTS that can be compared
with other marine magnetic records or with magnetic
stratigraphy on land. Because we do not know which
anomalies result from true magnetic reversals and which
are caused by other geomagnetic field variations, this model
has uncertainty than can only be resolved by comparison
with other similar records (see section 4).
[15] Our approach to making a polarity block model was

to first use a potential field inverse modeling technique

Figure 2. Observed deep-tow magnetic anomaly data plotted perpendicular to ship tracks. Light wiggly
lines are magnetic anomaly data with positive anomalies shaded gray. Dashed lines show anomaly
correlations. LAZ (gray area) stands for ‘‘low-amplitude zone’’ (see text). Magnetic anomalies in this and
subsequent plots are plotted as observed anomalies and have not been deskewed (as in the work of Sager
et al. [1998]).

1Auxiliary materials are available in the HTML. doi:10.1029/
2007JB005527.
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Figure 3

B07110 TOMINAGA ET AL.: JURASSIC QUIET ZONE MAGNETIC ANOMALIES

5 of 20

B07110



[Parker and Huestis, 1974] to make a preliminary interpre-
tation of magnetization and to refine the fit of observed and
modeled anomalies with forward modeling [Parker, 1972]
(see description in Figure S2). Cande and Kent [1992a]
used zero-crossings of deskewed anomalies (similar to our
inverse magnetization model) to determine polarity bound-
aries; however, because the JQZ magnetic anomalies have
low amplitude, it is difficult to determine polarity bound-
aries solely by zero-crossings. Long wavelength magnetic
variations and the adjustment of the local annihilator func-

tion (which we set to zero under the assumption of equal
normal and reversed polarity crust) can both affect zero
crossings for the small JQZ anomalies, so we used zero-
crossings only for a first approximation of polarity bound-
ary locations.
[16] For both inverse and forward models, we filtered out

long (>140 km) and short wavelengths (<3 km) to focus on
the medium wavelength magnetic anomaly character. Mod-
els used an ambient field inclination of 23� and declination
of 3�, calculated from the IGRF at latitude and longitude of

Figure 4. Correlation of deep-tow magnetic profiles in the NORTH survey area, upward continued to
(a) sea surface and (b) midwater (�3.0 km). Lines 92-1 and 92-2 are from Sager et al. [1998] (note that
uppermost line is mostly line 92-2 with a small segment, line 3-6, added from recent survey). These older
data are not shown deskewed as in some plots from Sager et al. [1998]. Plot shading and annotation
conventions as in Figure 3. Locations shown in Figures 1 and 2.

Figure 3. Correlation of deep-tow magnetic profiles in the (a) M34, (b) H801, and (c) SOUTH survey areas. Gray filled
anomaly curves indicate positive observed anomalies whereas black horizontal lines denote zero value. Dashed lines show
correlations. Survey subarea locations are shown in Figures 1 and 2. In Figure 3b, star shows location of Hole 801C. Lines
1 and 2-5 are nearly coincident with Line 3-4 and are not shaded in plot. In Figure 3c, plot shows improvement in anomaly
correlation with modest (<5 km) stretching and shrinking of parts of Line 1 to fit peak and trough spacing on Line 3-9. The
cross symbols show tie points used for adjustment.
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Hole 801C. We used a paleofield inclination and declination
of �10� and 20�, respectively (from Larson and Sager
[1992]) and defined the strike of the magnetic anomalies as
135� clockwise from north (from Sager et al. [1998]).
Although Tivey et al. [2006] suggested that there may be
slight directional changes in anomaly strikes, we kept this
constant strike because the strike changes are uncertain
and this assumption is consistent with previous studies
[Handschumacher et al., 1988; Sager et al., 1998] (also
see sections 3.1, 4.1, and 4.4). Magnetic models require
appropriate values for the seafloor depth, sediment thick-
ness, and thickness of the magnetic source layer. While
seafloor depth is available from the DSL-120 side-scan

sonar data, the depth of igneous basement must be inter-
preted from sparse, pre-existing seismic profiles [Abrams et
al., 1993] and the Hole 801C. We were unable to obtain
seismic data along the deep-tow profiles during the TN152
cruise because of time and logistical limitations. For sim-
plicity in modeling, we used a constant depth for the
seafloor and sediment thickness within each survey subarea:
�5.6 and �6.1 km (seafloor and basement) for the M34
survey, �5.6 and �6.2 km for the NORTH survey, �5.5
and �5.9 km for the H801C survey, and �5.6 and �6.1 km
for the SOUTH survey. As shown in Figure 5, changes in
seafloor depth and sediment thickness are mostly gentle, so
these approximations should be reasonable. For reference,

Figure 5. Plot of seismic profile and deep-tow magnetic data. (a) Spatial relationship of seismic lines
from MESOPAC II [Lancelot, 1989] and survey lines from this study. Solid lines show magnetic survey
line in this study and dotted lines are lines 6-13 and 10 from MESOPAC II. (b) Line 10 seismic data from
MESOPAC II. Vertical line indicates the location of Hole 801 C. (c) Line 6-13 seismic data from
MESOPAC II. (d) Seafloor and oceanic basement interpreted from data shown in Figure 5c. (e) �5.5 km
level Line 3-9 magnetic line from this study shows that magnetic anomalies are not correlated to
basement topography.
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the sediment thickness drilled at Hole 801C was approxi-
mately 463 m [Plank et al., 2000].
[17] Although there is no constraint for the thickness of

the magnetic source layer, most marine magnetic models
assume that the crustal extrusive lavas are the primary
source and have thicknesses of 500 to 1000 m. The
extrusive layer in Hole 801C is at least 474 m thick [Plank
et al., 2000], but since we do not know how much of that
layer extends below the bottom of the hole, we chose 1000 m

as the nominal source layer thickness for modeling. This
choice for source layer thickness is not likely to have a
significant effect on the interpretation of modeled polarity
sequence.
[18] After a preliminary polarity model was derived from

the inverse calculations, this model was used as the input
magnetization distribution for subsequent forward model-
ing. In the forward model, magnetization strength was
estimated from the standard deviation of the absolute values

Figure 6. Polarity block models. Square-wave profiles represent magnetization for polarity block
models with positive magnetization (above zero lines) representing normal polarity and negative,
reversed polarity. Dotted lines show correlations. Solid lines show deep-tow magnetic anomaly data.
(a) Polarity block model for the NORTH survey area. Model ‘‘92 composite’’ at top is from Sager et al.
[1998]. Line 3-6, 5, and 3-9, 4-1 models are from this study. ‘‘Composite model’’ at center is a
combination of all polarity block models. (b) Polarity block model for the H801 survey area. The polarity
model was derived from a stack of nine anomaly profiles; line 3-9 is shown here as an example compared
with the predicted model field. (c) Polarity block model for the SOUTH survey area Top profiles show
the observed (bold) and predicted anomalies for line-1. Bottom profiles show observed (bold) and
modeled anomalies for line 3-9. Center square wave plots show polarity model correlations and final
‘‘combined’’ model. Plot conventions as in previous figures.
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of magnetization values calculated by inverse modeling.
Although Sager et al. [1998] applied an exponential reduc-
tion in the magnetization strength with an initial magneti-
zation of 2.25 Am�1, we did not find this model to be an
especially good approximation for the new data. For our
analysis, anomaly amplitudes were adequately approximat-
ed with a constant magnetization in each of the study areas.
The magnetization values used in this study are as follows:
3.9 Am�1 for M34, 1.7 Am�1 for H801C, 2.0 Am�1 for
NORTH, and 2.3 Am�1 for SOUTH. These values provide
the best match in terms of amplitude and shape between
observed and calculated magnetic anomalies. The magnet-
izations for H801C, NORTH, and SOUTH are essentially
the same. The M34 survey magnetization is nearly twice as
high because the magnetic anomalies in that area have
significantly larger amplitudes (Figures 2 and 3). A Gauss-
ian filter (s = 7 km) was applied to the forward models to
give finite-width reversal transitions, which give a better fit
of observed and modeled anomaly slopes [Schouten and
Denham, 1979].

2.4. Composite Model

[19] Once magnetic polarity block models were con-
structed for each survey line, a composite model was
compiled from the overlapping lines (Figures 6 and 7.
The purpose was to create a reversal sequence common to
all lines within a given survey area. From the Sager et al.
[1998] study, we adopted the composite model for the two
previous deep-tow lines (92-1 and 92-2) as a starting point
for the NORTH area where new and old data overlap. The
boundary locations of each polarity block in the composite
model were calculated by averaging values of corresponding
block boundary distances. In the case of two or more
polarity blocks on one line corresponding to only one block

on another line, the multiple blocks were merged and
modeled as one polarity period in the composite model.
This procedure minimizes the number of modeled polarity
blocks.

2.5. Age Calibration

[20] Mesozoic magnetic anomalies have only a few good
absolute age calibration points with which to interpolate or
extrapolate the ages of chron boundaries. Sager et al. [1998]
used the radiometric date of M26r (155.3 ± 3.4 Ma) from
the Argo Abyssal plain [Ludden, 1992] to tie the 1992 deep-
tow lines to that anomaly in Pigafetta Basin. They extrap-
olated the ages of blocks from M25 backward in time using
the existing GPTS at the time [e.g., Gradstein et al., 1995;
Handschumacher et al., 1988]. Our approach was to use the
absolute age for M26r and a new high-precision age
determination for the tholeiitic basalt layer in Hole 801C
(167.4 ± 1.7 Ma) [Koppers et al., 2003a] as tie points on
both ends of the survey lines, with linear interpolation in
between, assuming a constant spreading rate. The interpo-
lation used the following age-distance relation:

AgeðMaÞ ¼ 0:0146� distanceðkmÞ þ 155:3Ma;

corresponding to a half spreading rate of 67 km/Ma
(Figure S3). To make an age model for anomalies older and
younger than the calibration points, we extrapolated this
relation, using the polarity block model of Sager et al.
[1998] for younger anomalies.
[21] Error estimates for the two radiometric dates contrib-

ute an uncertainty in the modeled spreading rate. The
minimum and maximum slopes that fit the 1-sigma uncer-
tainty bounds on the radiometric ages are 51 km/Ma and
98 km/Ma. Although such extreme slopes are possible given
the calibration point uncertainties, the highest and lowest
implied values are unlikely because they quickly produce
unreasonable ages when extrapolated outside the local survey
region.

3. Results

3.1. Anomaly Correlation

[22] What is ‘‘good’’ correlation? Naturally, this is sub-
jective and what is considered good or acceptable correla-
tion varies among analysts. To provide a quantitative
foundation, we computed coherency (cross-correlation)
among many of the deep-tow profiles and a comparison
with established correlated sea surface anomalies (Figure 8).
With ‘‘good’’ correlation, anomalies on adjacent profiles
have similar shape and spacing. Such profiles have low-lag
coherency values typically above �0.6 (e.g., GH824A
versus GH7901 in Figure 8). Profiles with anomalies that
show dissimilarities in anomaly size and shape (e.g.,
GH824B versus GH7901 in Figure 8), typically have low-
lag coherency values of less than 0.4. In our study area, the
between-line correlation of the deep-tow anomalies in our
study is mostly excellent to good in all areas except for the
NORTH area. The best correlation was in the M34 survey
where anomalies were closely matched on adjacent lines
(Figure 3). In the M34 survey, anomaly amplitudes are
relatively large (�500 nT) and the anomalies show only
small differences in anomaly shape and size between lines.

Figure 6. (continued)
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Correlation functions between lines are >0.5 at low offset
(Figure 8), indicating a high level of agreement. The worst
correlation was in the NORTH survey area, which contains
small, difficult-to-correlate anomalies as we had found
previously in the 1992 survey (Figure 4).
[23] Profiles in the H801 survey, where anomaly ampli-

tudes are mostly <200 nT at the deep-tow level, also show
good correlation by eye (Figure 3). In comparison with the
M34 profiles, these anomalies show greater variability in
size, position, and shape, but because we have so many
closely spaced lines, the correlation is convincing. The
correlation function is >0.5 for lines 2-7 and 2-3, which
are �10 km apart, but never >0.2 for lines 2-7 and 3-9,
which are �30 km apart (Figures 3, 8). The reasons for the
poor correlation are apparent from an inspection of the two
profiles (Figure 3); these are probably the most dissimilar
lines in terms of anomaly spacing and amplitude. Never-
theless, these two profiles exhibit obvious similarities. For
example, for line 3-9 the two main anomalies allowing
correlation are the deep low on the north center end of the
line (�13 km from north end) and the large, double-positive
anomaly on the south end (�10 km from south end)
(Figure 3). In most studies of magnetic anomalies, this degree
of correlation would be considered acceptable. Because of
the anomaly variations, correlation in the H801 area would
be less convincing if only two or three widely spaced
profiles were available, a factor to be considered when we
interpret other areas of JQZ data.
[24] Anomalies in the SOUTH survey have amplitudes of

�200 nT (Figure 3). Although we have only two lines (lines
1 and 3-9) located �30 km apart, they display generally
good agreement between the large anomaly shapes and
locations, albeit with some variation in small features,

spacing, and amplitude (Figure 3). The correlation coeffi-
cient for these two lines peaks at just under 0.5, but can be
increased to >0.6 with small (<5 km) adjustments to the
spacing of anomalies on line 1 to better match the spacing
on line 3-9 (Figures 3 and 8). Such adjustments imply
irregularities in the crustal recording of anomalies.
[25] The NORTH survey was the most difficult region to

correlate because it contains both large and small amplitude
anomalies that are hard to match uniquely among the few
available lines (Figures 2 and 4). North of �21�N (M34),
the anomalies are �200 to 300 nT in amplitude and can be
correlated well between lines [Handschumacher et al.,
1988; Sager et al., 1998]. In contrast, the anomaly sequence
extending from just south of 21�N to the northern edge
of the H801 survey shows inconsistent anomaly shapes
and spacing that makes unequivocal correlations difficult
(Figure 4). The area of difficult correlation corresponds to
anomalies M36 toM41 from Sager et al. [1998] and includes
the zone of weakest anomalies, from 21� to 18.5�N,whichwe
have termed the low amplitude zone (LAZ; Figure 2) because
of its distinctive subdued anomaly amplitude [Tivey et al.,
2006]. In the area northwest of where our profiles intersect
21�N (M36 in Figure 1), the aeromagnetic anomalies in the
work of Handschmacher et al. [1988] show good correlation
across the whole series of profiles. To the southeast of this
point, the anomalies are much smaller and more irregular
from one profile to the next (see Figures 7 and 11 in that
article). This is the area of the LAZ, in which we find
correlation difficult, even with the deep-tow profiles.
Although the smaller separation of source and sensor
enhances the anomaly amplitudes, the repeatability of
anomaly signatures from one line to the next is poor.

Figure 7. Polarity block model for entire survey, shown for midwater depth (�3.0 km). Magnetic
anomalies have not been deskewed. Top two solid curves show observed magnetic anomalies at sea
surface (0 km) and 3 km depth. Dotted curve shows calculated magnetic anomalies. Bottom square wave
plots show final combination model based on reconciling the 92 model and the new data.
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[26] Although our cruise collected one new deep-tow line
in the LAZ region, the new data do not improve correlation
with the old lines because the shape and amplitude of
anomalies on the new line are often different from those
on the old lines. Especially confounding are long wave-
length (tens of kilometers) anomalies that appear different
on the three lines. Sager et al. [1998] made a correlation of
small anomalies based on the matching of long-wavelength
anomalies, which appear similar on the two older profiles,
but do not correlate well with the new profile in between.
We have mainly followed the previous correlation of
smaller anomalies, making a few adjustments as indicated
by the new data. Although the degree of correlation is
similar to that deemed adequate in other published studies
of difficult magnetic lineations [e.g., Roeser et al., 2002],
the dissimilarity among large anomalies and the small
amplitudes and lack of distinctive character of small
anomalies leaves uncertainty in the correlations.

3.2. Polarity Block Model

[27] The polarity blocks modeled for the M34 survey are
consistent with coeval anomalies in the study of Sager et al.

[1998] (Figure 6), so we left this part of the polarity model
unchanged. Polarity block models for the H801 and
SOUTH areas were developed from the new TN152 data.
Because we model high-resolution deep-tow data, both
areas show many small-width (short duration) blocks. The
composite model for H801, which was stacked from seven
profiles (Figure 6), shows a total of 16 reversals over a
�40 km distance. In the SOUTH survey, the composite
model derived from the two correlated profiles has a total of
34 reversals in 120 km (Figure 6).
[28] Construction of a polarity block model in the

NORTH area was complicated by poor correlations and a
difference in resolution between the TN152 and older deep-
tow profile data (Figure 6). Essentially, our polarity block
model in the NORTH area is the same as that of Sager et al.
[1998] for the following reasons. The TN152 data were
collected significantly closer (1 to 1.5 km) to the seafloor
than the previous study, so the new deep-tow data show
smaller, shorter wavelength anomalies. As a result, the
deep-tow polarity block model for the TN152 profile (lines
3-9 and 4-1) has more polarity blocks, especially in the LAZ

Figure 8. Cross-correlation functions of selected magnetic profiles. Cross-correlation between deep-
tow profiles shown in upper row of boxes: (left) lines 5-11, �12, �13 in the M34 area; (middle) lines 2-3,
�7, and 3-9 in the H801 area; and (right) lines 1 and 3-9 in the SOUTH area. In the latter plot, the solid
line shows the improved coherency attained with modified spacing of anomalies on line 1 (see text and
Figure 3). Cross-correlation was not plotted for NORTH area lines because the correlation function is
small (<0.2). Lower left box shows for comparison representative M22-M24 surface-towed magnetic
anomaly profiles in the Japanese lineations near the Ogasawara Plateau and their well accepted
correlations (dotted lines). Lower right box shows cross-correlations for those profiles, for comparison
with panels above.
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(Figure 6), than the previous deep-tow model. Because of
the method we used to construct the composite polarity
block model (i.e., using the minimum number of correlated
blocks), this mismatch meant that many of the smaller
blocks from the new profile were omitted from the com-
posite polarity model. To assist in correlating blocks in this
difficult area, we also constructed and correlated polarity
block models using upward continued profiles at �3.0 and
0.0 km. The middle depth model (�3.0 km) compared best
with the model of Sager et al. [1998] (Figure 7) because its
resolution was similar to the shallower deep-tow magnetic
profiles collected during the earlier cruise. Although the
TN152 deep-tow model implies as many as �40 reversals
in 100 km, the final composite model retains only about one
third as many. We think it likely that some of these short-
wavelength anomalies are a result of geologic ‘‘noise’’ (e.g.,
crustal tectonic emplacement processes, short-period exter-
nal field fluctuations, or data collection artifacts).

[29] To consider the contribution of geologic noise, we
calculated power spectra [Spector and Grant, 1970;
Nwogbo, 1998] for two segments of TN152 lines 4-1 and
3-9, one corresponding to the LAZ and the other from the
vicinity of H801 (Figure 9). We expected to see differences
in the spectra because of the apparent difference in domi-
nant anomaly wavelengths (Figure 10). A plot of power
spectral density shows two approximately linear sections
with a break in slope at 0.9 cycle/km for the H801 section
and 0.7 cycle/km for the LAZ section. The almost-flat,
high-wave number (short-wavelength) section in each spec-
tra is usually interpreted as a noise component [e.g., Parker,
1997]. This observation suggests that there is no coherent
geologic information at wave numbers >0.7–0.9 cycle/km.
Consequently, polarity blocks smaller than 1.2 km
(corresponding to wave number 0.8) were dropped from
the polarity model.

3.3. Polarity Reversal Models

[30] We constructed two Jurassic GPTSmodels (Tables 1–
2, Figure 11) following the rationale of Sager et al. [1998] by
producing one at deep-tow depth (�5.5 km) and one at
midwater depth (�3 km). In assigning chron numbers to
our polarity block model, we numbered anomalies using the
upward-continued, sea level data to be compatible with
previous GPTS studies that used sea level data (Figures 7
and 11) [Handschumacher et al., 1988; Cande and Kent,
1992a; Sager et al., 1998]. The model derived from the
�5.5 km depth data assumes that most of the small anomalies
(>1.2 km in width) in the deep-tow profiles result from
polarity reversals. This gives a large number of polarity
chrons and is likely an overestimate of the actual number
of reversal periods. The GPTS model constructed from
midwater depth profiles may underestimate the number of
polarity reversals, but because it is approximately 3 km
above the source layer, it is comparable to other GPTS
models constructed from magnetic profiles over younger
oceanic lithosphere. We did not apply a 30 ka cutoff for
cryptochrons, as did Cande and Kent [1992a], because this
duration is somewhat arbitrary.
[31] Although both deep-tow and midwater GPTS models

(Tables 1 and 2) include polarity durations shorter than 30 ka,
these short duration chrons only represent 12.5% and 3% of
the total number of polarity blocks, respectively. The deep-
tow model of the LAZ and H801 areas shows somewhat
shorter polarity periods than the midwater model, with

Figure 9. Power spectra for two segments of deep-tow
magnetic line 4-1. Vertical axis (logarithmic) plots power
spectral density and horizontal axis is frequency. Locations
of line segments are shown in the inset. Part A is from LAZ
region whereas Part B is from H801 survey. Arrows show
break-points on Part A and B spectra.

Figure 10. Composite anomaly profile at 4.5 km depth anomalies over the Pigafetta JQZ showing
change in anomaly amplitude with age. This composite was constructed from Line 1 of Sager et al.
[1998] and Lines 4-1 and 3-9 from the subsequent survey. The abbreviation ‘‘smt’’ denotes an anomaly
caused by a small seamount. Hole 801C location is shown by star symbol.
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durations between 14 to 233 ka (average 99 ka). In these
areas, approximately 15% of the modeled polarity chrons
have <30 ka duration.
[32] In some places, the modeled polarity bias seems to

shift between deep-tow and midwater model, particularly
around Hole 801C. While the deep-tow model of this area
seems to show mostly normal polarity, the upward continued
model seems predominantly reverse polarity (Figure 11).
This difference is primarily an artifact of the survey sam-
pling and the modeling procedure. Around Site 801, we
have many closely spaced magnetic profiles, so the com-
posite polarity model is robust and retains many reversals.
Furthermore, between the deep-tow and midwater levels,
the modeling shifts from matching the smallest to longer
wavelength anomalies. At deep-tow level, the short wave-
length anomalies are prominent, but with upward continu-
ation, they disappear or merge into longer wavelength
anomalies. Because of the combination of long and short

wavelength anomalies on the JQZ magnetic profiles, the
result of modeling one versus the other does not always give
the same polarity sequence. We believe that this is likely to
be a problem in other areas where the magnetic signal
contains geologic noise and is not unique to the Pigafetta
Basin.
[33] The deep-tow GPTS model (Table 1) also contains

artifacts arising from the way in which the correlation model
was constructed. The LAZ, which we interpret as having the
highest-frequency but lowest-amplitude magnetic anoma-
lies, corresponds to a lesser number of polarity blocks
(M38-41) than some other places in the GPTS model, for
example, the section over Hole 801C (Figure 11). This
apparent discrepancy results from the fact that anomaly
correlations were poor in the LAZ, so the polarity model in
that zone is mostly based on the older, lower-resolution
deep-tow magnetic data and the number of polarity blocks is
suppressed by our minimalist correlation procedure. The

Figure 11. Geomagnetic polarity timescales for the Pacific JQZ derived in this study (left) and prior
studies. Left column shows polarity models constructed in this study. That on the left was modeled from
deep-tow data, whereas that on the right was modeled from midwater depth profiles. Middle and right
columns show polarity models from prior studies. In all columns, black denotes normal polarity and
white is reversed polarity. Polarity chrons are listed in Tables 1 and 2.
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result is a lesser number of blocks in the composite polarity
model. In contrast, the numerous profiles in the H801
survey allowed many short-wavelength anomalies to be
correlated in that area.

4. Discussion

[34] In this study, we correlated and modeled deep-tow
magnetic anomaly profiles in the Pacific JQZ using new
data to complement previous deep-tow profiles collected in
this area [Sager et al., 1998]. These new data augment the
previous study in several ways. Closely spaced lines allow
for a detailed correlation of short-wavelength anomalies in
two areas: one around M34 and the other at ODP Hole
801C. The new data also provide additional information in
areas of uncertain anomaly correlations (NORTH) as well as
extending the JQZ deep-tow survey across Hole 801C to the
RSB [Handschumacher et al., 1988] (SOUTH). Additional
data allow us to address several questions about the JQZ:
(1) Are the shortest-wavelength anomalies mapped in pre-
vious JQZ studies correlatable? (2) Are correlatable anoma-
lies found further back in time within the JQZ? (3) Are
apparent reversals in the 474-m basalt section cored at Hole
801C representative of surrounding magnetic lineations?
(4) What are the implications for the cause of JQZ?

4.1. Anomaly Correlation

[35] Closely spaced deep-tow magnetic profiles in the
M34 and H801 surveys show good to excellent correlation
(i.e., similarity in terms of shape, position, and size) of both
short- and long-wavelength anomalies. Although not quite
as robust, partly owing to having only two profiles, correla-
tion of anomalies in the SOUTH survey is also good as is the
correlation of anomalies in the northern part of the Pigafetta
JQZ, from M36 northwestward to M27 [Handschumacher et
al., 1988; Sager et al., 1998]. For these age sequences, the
correlation of anomalies on adjacent lines strongly suggests
that the anomalies are linear, especially given the linearity
of the anomalies in the two small surveys with closely
spaced lines (M34 and H801). Thus, on the whole, the JQZ
anomalies appear similar to other linear magnetic anomalies
around the world that are attributed to magnetic reversals
recorded by the process of seafloor spreading and crustal
construction at midocean ridges.
[36] In contrast, anomaly correlations are poor in the

�300-km long LAZ. This section has the smallest ampli-
tude anomalies measured and as previously noted is a zone

Table 1. Deep-Tow Geomagnetic Polarity Reversal Timescale

Model

Chron

Distance (km) Age (Ma)

Young Old Young Old

M27r 14.0 25.8 155.5 155.7
M28r 47.3 58.0 156.0 156.2
M28Ar 65.1 81.9 156.3 156.5
M28Br 85.5 91.8 156.6 156.7
M28Cr 99.4 105.9 156.8 156.9
M28Dr 111.6 119.5 157.0 157.1
M29n.1r 130.6 132.8 157.2 157.3
M29r 137.5 154.4 157.3 157.6
M29Ar 157.9 162.6 157.7 157.7
M30r 171.5 183.0 157.9 158.0
M30Ar 190.1 192.4 158.1 158.2
M31n1r 203.5 209.4 158.3 158.4
M31n2r 211.4 214.4 158.4 158.5
M31r 217.5 221.4 158.5 158.6
M32n1r 223.0 225.1 158.6 158.7
M32n2r 232.1 235.9 158.8 158.8
M32r 238.0 244.0 158.8 158.9
M33r 265.3 274.8 159.3 159.4
M33Ar 280.4 285.4 159.5 159.6
M33Br 290.3 298.4 159.6 159.7
M33Cn1r 301.1 304.9 159.8 159.8
M33Cr 313.6 328.3 159.9 160.2
M34n1r 333.9 339.1 160.3 160.4
M34n2r 342.3 344.4 160.4 160.4
M34n3r 345.9 349.9 160.5 160.5
M34Ar 352.3 361.6 160.5 160.7
M34Bn1r 368.1 372.5 160.8 160.9
M34Br 374.5 376.8 160.9 160.9
M35r 381.5 391.9 160.9 161.1
M36n1r 399.4 403.4 161.3 161.3
M36Ar 406.5 407.9 161.4 161.4
M36Br 410.1 420.2 161.4 161.6
M36Cr 425.2 434.1 161.6 161.8
M37n1r 451.5 459.7 162.0 162.2
M37r 467.7 474.6 162.3 162.4
M38n1r 484.0 487.5 162.5 162.6
M38n2r 498.0 500.9 162.7 162.8
M38n3r 506.5 514.5 162.8 162.9
M38n4r 530.3 535.2 163.2 163.3
M38r 546.3 551.0 163.4 163.5
M39n1r 563.4 571.5 163.7 163.8
M39n2r 581.6 586.3 163.9 164.0
M39n3r 595.3 604.4 164.2 164.3
M39n4r 614.8 626.9 164.5 164.6
M39n5r 635.6 644.5 164.8 164.9
M39n6r 651.3 658.5 165.0 165.1
M39n7r 663.3 666.5 165.2 165.2
M39r 673.4 678.7 165.3 165.4
M40n1r 681.5 694.1 165.5 165.6
M40n2r 698.8 705.1 165.7 165.8
M40n3r 709.7 725.7 165.9 166.1
M40r 727.9 732.8 166.1 166.2
M41n1r 738.5 751.6 166.3 166.5
M41n2r 756.2 763.5 166.6 166.7
M41n3r 767.7 774.9 166.7 166.8
M41r 776.8 784.5 166.9 166.9
M42n1r 791.8 799.2 167.1 167.2
M42n2r 800.7 803.7 167.2 167.3
M42n3r 807.2 809.9 167.3 167.4
M42n4r 811.6 812.8 167.4 167.4
M42n5r 815.6 817.2 167.5 167.5
M42n6r 818.9 819.9 167.5 167.5
M42n7r 821.9 823.6 167.5 167.6
M42n8r 825.2 828.1 167.6 167.6
M42n9r 832.8 841.5 167.7 167.8
M42n10r 843.1 855.9 167.9 168.1
M42r 857.6 864.1 168.1 168.2
M43n1r 865.2 874.4 168.2 168.3
M43n2r 881.4 887.1 168.4 168.5
M43n3r 890.8 894.0 168.6 168.6

Table 1. (continued)

Chron

Distance (km) Age (Ma)

Young Old Young Old

M43n4r 896.3 901.1 168.7 168.7
M43r 906.0 911.6 168.8 168.9
M44n1r 915.0 918.0 168.9 168.9
M44n2r 919.7 923.2 169.0 169.1
M44n3r 925.7 935.3 169.1 169.2
M44n4r 936.5 940.4 169.3 169.3
M44n5r 941.6 946.8 169.3 169.4
M44n6r 947.6 952.4 169.4 169.5
M44n7r 953.1 956.0 169.5 169.5
M44n8r 959.8 961.6 169.6 169.6
M44r 964.4 967.0 169.7 169.7
M45r 968.6 169.7
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of difficult correlation [Handschumacher et al., 1988; Sager
et al., 1998]. Although the closely spaced tracks around
Hole 801C illustrate that small anomalies can be success-
fully correlated, similar anomalies in the LAZ are difficult
to match with the same certainty. One characteristic that
makes anomalies in this zone difficult to correlate is the
mismatch of large, long wavelength anomalies. Although
the two older deep-tow profiles have similar long-wave-
length anomalies (indeed, Sager et al. [1998] used these
anomalies as a guide for correlating the smaller anomalies)
the new deep-tow profile in between has a different long
wavelength appearance. The source of the long-wavelength
anomalies is uncertain. Given the observed mismatch, they
do not appear linear in the LAZ. A possible cause is magnetic
overprinting by the Mid-Cretaceous volcanism that usually
appears as sills intruded into the sediments. In this area, this
volcanism appears patchy [Abrams et al., 1993] as do the
larger magnetic anomalies. Furthermore, the small-
amplitude, short-wavelength character of the LAZ anoma-
lies implies that they may have other causes. For example,
the magnetic field may have had rapid reversals or fluctua-
tions that were too frequent to make strongly linear anoma-
lies or the magnetic recording was degraded because of ridge
jumps, propagating rifts or later volcanic activity. Currently,
we do not have sufficient data to determine whether these
anomaly characteristics in the LAZ result from geomagnetic
field or volcanic artifacts.

4.2. Polarity Reversal Models

[37] We constructed a magnetization model of the deep-
tow anomaly profiles to help understand the nature of the
anomalies. The assumption of alternating blocks of opposite
polarity is convenient for modeling, although we do not

know which of these small anomalies results from a
magnetic field reversal and which is simply a field intensity
or directional fluctuation. Thus, taking the next step of
assigning ages and representing the sequence as a GPTS,
has inherent risks. Correlations of some anomalies is poor
and even those with apparently good correlations in our
geographically restricted data set do not demonstrate that
the observed pattern has global repeatability and signifi-
cance. Nevertheless, we present a GPTS model here for two
reasons. It is a natural extension of previous work that
allows the reader to better understand the implications of
this study relative to those preceding it. More importantly,
progress in developing a Jurassic GPTS requires it. The
current mid-Jurassic to Early Cretaceous GPTS is based on
Handshumacher et al. [1988] and Sager et al. [1998].
Although the GPTS from this study contains uncertainties
because of the small number of profiles, the limited extent,
and the LAZ correlation difficulties, it is a template for
magnetostratigraphic work and studies of JQZ anomalies
elsewhere. Thus, in this study, we are obliged to consider
the implications of the GPTS.
[38] In building reversal models of the deep tow magnetic

lines, we made the traditional assumption that all significant
anomalies result from magnetic reversals recorded by the
seafloor spreading process [Vine and Matthews, 1963].
Although this assumption has been highly successful in
creating GPTS models, several studies suggest that small
anomalies may not always represent polarity reversals [e.g.,
Cande and Kent, 1992b; Bowles et al., 2003]. An alterna-
tive to interpreting all anomalies as reversals is to consider
that some of them could be due to fluctuations of paleofield
intensity and magnetic field excursions (i.e., incomplete
reversals). Statistically, reversals, excursions, and paleoin-
tensity fluctuations probably result from the same set of
geomagnetic instabilities, implying that they would appear
similar in magnetic profile data [Marzocchi, 1997]. The
nonuniqueness of potential field modeling does not allow us
to determine which small anomalies represent true polarity
reversals and which are simply magnetic field fluctuations.
For their widely accepted GPTS model, Cande and Kent
[1992a, 1992b] rejected polarity chrons with durations
shorter than 30 ka as likely to result from paleointensity
fluctuations. Similarly, Sager et al. [1998] constructed a
Jurassic GPTS with a reversal for every magnetic anomaly
but preferred a model filtered by upward continuation to
midwater depth because it retained reversals only for the
longer-wavelength anomalies.
[39] To distinguish between reversals and field fluctua-

tions, several investigator groups have compared sedimen-
tary magnetostratigraphy with ‘‘cryptochrons’’ (i.e., small
anomalies of uncertain cause in magnetic profiles). Lanci
and Lowrie [1997] suggested that cryptochrons within C12
and C13 in the timescale of Cande and Kent [1995] are
paleointensity fluctuations rather than magnetic reversals
because of a lack of corresponding polarity reversals in
contemporaneous sediment cores. Similar conclusions were
reached for small anomalies within chron C5 on the basis of
a strong correlation between deep-tow magnetic profiles and
sedimentary relative paleointensity records [Bowers et al.,
2001; Bowles et al., 2003]. In contrast, Roberts and Lewin-
Harris [2000] concluded that small anomalies in chron C5
result from polarity reversals, suggesting that even when

Table 2. Midwater Geomagnetic Polarity Reversal Timescale

Model

Chron

Distance (km) Age (Ma)

Young Old Young Old

M37r 451.5 472.8 162.0 162.3
M38n1r 480.4 485.2 162.5 162.6
M38n2r 492.3 498.3 162.6 162.7
M38n3r 504.1 512.1 162.8 162.9
M38n4r 528.3 537.3 163.2 163.3
M38r 543.5 555.9 163.4 163.6
M39n1r 562.5 583.5 163.7 164.0
M39n2r 614.9 625.7 164.5 164.6
M39n3r 630.6 641.9 164.7 164.9
M39n4r 647.6 655.0 164.9 165.1
M39n5r 659.4 665.7 165.1 165.2
M39r 671.6 677.5 165.3 165.4
M40n1r 680.9 689.6 165.4 165.6
M40n2r 697.6 703.8 165.7 165.8
M40r 706.9 732.2 165.8 166.2
M41n1r 736.3 739.6 166.3 166.3
M41n2r 742.1 744.7 166.4 166.4
M41r 755.3 781.3 166.6 166.9
M42n1r 790.6 811.3 167.1 167.4
M42n2r 817.7 823.1 167.5 167.6
M42n3r 831.9 833.9 167.7 167.7
M42r 850.7 860.6 167.9 168.1
M43n1r 864.5 880.7 168.2 168.4
M43n2r 888.8 897.5 168.5 168.7
M43r 905.3 914.9 168.8 168.9
M44n1r 931.7 961.2 169.2 169.6
M44n2r 971.3 169.8
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high-resolution sedimentary data are available, the interpre-
tation of such data may not be straightforward. Furthermore,
some investigators have concluded that the resolution of
sedimentary paleomagnetic records depends significantly on
sedimentation rate and small anomalies can be averaged out
if the sedimentation rate is not high enough [Roberts and
Winklhofer, 2004]. Thus, the fidelity of sedimentary records
may be verified only when the records show consistency at
several sites around the world.
[40] With our data set, consisting of magnetic profiles

only, it is not possible to make a definitive interpretation of
the source of small magnetic anomalies observed in the
Pacific JQZ. Consequently, we simply constructed a Jurassic
GPTS assuming that those anomalies larger than �1.2 km
wavelength (the smaller being noise) observed with the deep-
tow magnetometer are caused by blocks of contrasting
polarity.
[41] As did Sager et al. [1998] for their model of the JQZ

polarity reversal sequence, we prefer the model made from
magnetic anomalies upward continued to midwater level
because the upward continuation filters out many of the
shortest-wavelength features and gives results comparable
to sea surface magnetic data near the present-day mid-ocean
ridges. The deep-tow magnetic profiles show many short-
wavelength features, some of which may result from phe-
nomena other than magnetic reversals.
[42] Several factors indicate that the GPTS must be

treated with caution. Correlations are uncertain in some
portions, especially the LAZ. It is impossible to determine,
from magnetic profiles alone, whether small anomalies are
caused by reversals. Furthermore, models made at different
levels show differences related to the changing appearance
of the anomalies when upward continued.

4.3. Correlation of Models and Hole 801C Log Data

[43] Despite ambiguities about the interpretations of
reversals in our GPTS models, two independent types of
data, magnetic data from Hole 801C and Jurassic magnetic
stratigraphy studies from continental sedimentary sections,
support the existence of many short polarity periods, im-
plying a rapid reversal frequency. Paleomagnetic and down-
hole logging data are available from the 474-m basalt
section cored at Hole 801C. Both data sets imply six
reversals in the section [Wallick and Steiner, 1982; Steiner,
2001; Tivey et al., 2005]. Four polarity changes are found
within the upper, 150-m, off axis lava sequence while two
polarity changes are found within the lower lava sequence,
which was presumably accreted at or near the spreading
axis. Formation microscanner (FMS) log data show signif-
icant dips in the lava sequences within the hole [Pockalny
and Larson, 2003]. If the tilted lava sequence boundaries
indicate that magnetization boundaries are similarly tilted,
then changes in magnetic polarity can occur within a
vertical hole [Tivey et al., 2005]. The multiple polarities
of the upper off-axis lava sequence also implies rapid
polarity reversal rate �7 Ma after the main crustal accretion
occurred (167.4 Ma), which is consistent with the rapidly
reversing field at M34 age (160 Ma). These observations
along with the lineated character of magnetic anomalies
around Hole 801C suggest that seafloor spreading has
recorded rapid polarity reversals during this time period

and the small anomalies are not just the signal of geomag-
netic field intensity fluctuations.
[44] The finding of multiple polarity sections within the

Hole 801C section is suggestive of a high reversal rate;
however, the actual rate is difficult to estimate because of
uncertainties about crustal architecture and accretion rates.
Within M42 on our GPTS model (Figure 11), corresponding
to the H801 survey area, the �5.5 km model implies a
reversal rate of �26 rev/Ma (1 rev/38 ka). Alternatively, the
�3.0 km model (Figure 11), which leaves out the smallest
anomalies, gives only �8 rev/Ma (1 rev/125 ka).
[45] The highest reversal rates for the accepted GPTS

occurred during the Miocene, �10 Ma, with a rate of
�5 rev/Ma. This is not greatly different from the lowest rates
implied by the deep-tow magnetic profile models and
implies that the lower of inferred JQZ rates are not extreme.
Furthermore, similar rates (�6–8 rev/Ma) have been also
interpreted from Jurassic continental magnetostratigraphic
studies [Steiner et al., 1987; Steiner, 2001; J. Ogg, personal
communication, 2004]. Our deep-tow GPTS model is there-
fore consistent with largely independent observations that
imply many short polarity reversals during the Jurassic.

4.4. Cause of the JQZ

[46] Pacific JQZ deep-tow magnetic data provide a high-
resolution recording of apparently unusual geomagnetic
field behavior during the Jurassic. Although magnetic
anomalies are nonunique and by themselves do not provide
an unequivocal explanation for the JQZ, the data from this
study give important clues about the factors involved.
Generally, our inferences follow from systematic variations
in the JQZ anomaly sequence and comparisons with inde-
pendent data.
[47] Systematic changes in anomaly amplitudes are ob-

served along the deep-tow lines. Anomaly amplitude
decreases with increasing age (i.e., toward the southeast)
continuing the trend that has been noted by other authors
[e.g., Cande et al., 1978; Sager et al., 1998; McElhinny and
Larson, 2003; Tivey et al., 2006], reaching a minimum
amplitude and shortest wavelength in the LAZ (Figure 10),
tentatively identified as being between M38 and M41. At
older ages (i.e., farther southeast), anomaly amplitudes
increase slightly south of Hole 801C. This trend is also
seen in the modeled magnetization values (section 2.3),
which decrease from M34 (3.9 Am�1) to NORTH
(2.0 Am�1) and increase from H801C (1.7 Am�1) to
SOUTH (2.3 Am�1). Although we used a constant thick-
ness for the magnetic source layer for modeling, an alter-
native is to consider these systematic changes as a result of
changes in source layer thickness, rather than variations in
the geomagnetic field. We think this explanation is unlikely
because of the large implied changes in source layer
thickness. For example, to reproduce the anomaly ampli-
tudes observed in the M34 and H801C areas with same
magnetization value (e.g., 2.0 Am�1), the source layer
thickness of M34 and H801C must be different by a factor
>3 (0.7 and 3.0 km, for M34 and H801C, respectively). This
much variation within fast spreading mid-ocean ridge crust
with a flat seafloor topography is unlikely. Instead, follow-
ing similar interpretations of the global magnetic anomaly
sequence [e.g., McElhinny and Larson, 2003], changes in
JQZ anomaly amplitude imply changes in paleomagnetic
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field strength, perhaps related to reversal rate. The field
intensity seems to have decreased until reaching a minimum
during the LAZ, where the fluctuation rate appears highest,
and then increased through the late Jurassic as reversal rate
declined [Tivey et al., 2006].
[48] Changes in anomaly amplitude on the deep-tow

profiles, particularly around the LAZ, may give clues about
the origin of the JQZ. We consider several hypotheses that
may partly or completely explain the observed changes:
(1) long-term decrease in crustal magnetization as a result of
either alteration or decreased dipole field intensity, (2) low
transitional field intensities combined with rapid reversals,
(3) interference of the magnetic anomalies caused by closely
spaced polarity blocks in the oceanic crust, and (4) a
tectonic disruption in the LAZ perhaps caused by spreading
ridge reorientation and/or propagation.
[49] A decrease of crustal magnetizationgoing backward

in time has been documented for the past 30 Ma and
attributed to progressive alteration [Johnson and Pariso,
1993]. This explanation does not seem likely for the JQZ
because existing evidence implies that changes in magneti-
zation beyond �30 Ma due to alteration are small [Johnson
and Pariso, 1993]. More likely is that the overall decrease
in anomaly amplitude [e.g., McElhinny and Larson, 2003]
is a global phenomenon related to a decrease of geomag-
netic field strength. Independent, paleomagnetic data imply
that the Jurassic was a time of low dipole field strength
(so-called ‘‘Mesozoic dipole low’’) [e.g., Prévot et al., 1990;
McElhinny and McFadden, 2000; Thomas and Biggin,
2003; Biggin and Thomas, 2003].
[50] One possible explanation for the LAZ is that the

geomagnetic field was weaker than normal during the LAZ
because of rapid reversals and overlapping transitional field
minima. It is well-known that the dipole field is reduced

during geomagnetic field reversals, perhaps only to �25%
of the nonreversing dipole field strength [Merrill and
McFadden, 1999]. Furthermore, it is thought that periods
of weaker field intensity are characterized by greater numb-
ers of reversals and excursions [Valét et al., 2005]. Thus, we
might expect that a period containing many, closely spaced
reversals may also be a time of reduced field strength,
perhaps because periods of transition field minima overlap
(i.e., the field does not regain full strength before starting
another reversal). At face value, our deep-tow GPTS for the
LAZ implies only a reversal rate of �10 rev/Ma. This is not
much higher than inferred Miocene reversal rates and
implies an average time between reversals of �100 ka. If
transitional field minima have durations of less than �10 ka
[Merrill and McFadden, 1999], the overlap from polarity
periods of the implied duration would be minimal. How-
ever, if field minima are broader (e.g., 60–80 ka) [Valét et
al., 2005] or the reversal rate is substantially higher,
overlapping field minima may be part of the reason for
the apparent low LAZ anomaly amplitudes. Reversal rates
in the LAZ may be significantly higher than implied by our
GPTS because this model contains only the better-correlated
ano-malies in a zone of poor correlation. If all anomalies are
interpreted as a result of polarity reversals, the model for
deep-tow lines 3-9, 4-1 implies a reversal rate of�12 rev/Ma
(Figure 10), with an average period of �82 ka between
transitions.
[51] Another potential factor causing the LAZ is over-

lapping and partially canceling magnetic anomalies caused
by closely spaced blocks of opposing polarity. To judge the
plausibility of this hypothesis, we calculated simple 2-D
forward models [Talwani and Heirtzler, 1964] of crustal
anomalies and tested the reduction of anomaly amplitude
with different spacing of opposing polarity blocks. For
simplicity, we assumed a 1 km thickness for the source
layer, a distance of 500 m between the top of the source and
the observation plane (similar to the TN152 deep-tow
magnetometer geometry), and sharp boundaries between
polarity blocks (i.e., transition width of zero). Models were
made at different reversal rates, which varied the width of
the polarity blocks. We also made two different models of
the polarity boundaries, one with vertical boundaries and
another with boundaries tilting 53� from vertical (the tilt
angle inferred for Hole 801C layers by Pockalny and
Larson [2003]). Overall, the intensity of anomalies from
the tilted-boundary model is less than those of the nontilted
model (Figure 12), presumably because the tilted blocks
produce greater overlap of opposing polarity material. A
similar result would be given with finite-width polarity
transitions. Most importantly, the models show a precipitous
drop in anomaly amplitudes when the polarity boundaries
are less than �4 km apart and this result is approximately
the same for both tilted and non-tilted polarity block
boundaries. This finding implies that even at deep-tow
depths, there can be a significant reduction in anomaly
amplitude caused by small-width polarity blocks. In some
portions of the LAZ, small anomalies imply polarity blocks
4 km or less in width. Thus, the partial cancellation of
overlapping anomalies may be a factor reducing LAZ
anomaly amplitudes.
[52] The poor correlation of LAZ anomalies may also

result wholly or in part from tectonic and/or crustal accre-

Figure 12. Curves showing decline in model anomaly
amplitudes for small-width polarity blocks owing to lateral
interference. Vertical axis is normalized model magnetic
anomaly amplitude. Horizontal axis is width of polarity
block. Dotted line is model with vertical polarity block
boundaries; solid line is model with dipping (53�) lateral
boundaries.
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tion complications. If there were tectonic complexities, such
as ridge jumps, propagating ridges, or microplate rotations,
we could expect disturbed, difficult-to-correlate anomalies
to be the result. One complication could be the superposi-
tion of lavas of differing ages owing to off-axis eruptions.
Cores from Hole 801C show both an off-axis lava eruption
and a late-stage akalic eruptions [Koppers et al., 2003a,
2003b; Tivey et al., 2005]. Neither of these later eruptions
appears to have significantly degraded the correlation of
magnetic anomalies around Hole 801, even though they
represent a hiatus in crustal accretion that is much longer
than the apparent reversal period. This suggests that the
Hole 801C primary magnetic layer is not significantly
affected by the later eruptions. However, at another site,
such as the LAZ, later igneous activity may have confound-
ed the crustal anomaly signal. Another possible complica-
tion is tectonic reorganization, such as ridge realignment,
ridge jumps, propagating rifts, or microplate formation.
Owing to the paucity of well-defined magnetic lineations
regionally, the history of Jurassic seafloor spreading in the
Pacific is poorly known. Because the JQZ magnetic anoma-
lies are only well-defined in the deep-tow data, we cannot
be certain of the tectonic setting and history of surrounding
areas and thus the contribution of tectonics to the observed
magnetic record is unclear and difficult to evaluate. Ulti-
mately, to be accepted as representative of global magnetic
field phenomena, the results from the LAZ in particular, and
Pacific JQZ in general, must be corroborated with indepen-
dent data from the two other lineation sets in the Pacific and
other regions in the world oceans.

5. Conclusions

[53] In this study, we present �1550 km of new deep-tow
magnetic profiles from the Pacific JQZ and two revised
Jurassic GPTS models that complement and extend a
previous study [Sager et al., 1998]. Many of the surveyed
anomalies appear to correlate well and are considered to be
true magnetic lineations recorded by the seafloor spreading
process. This conclusion is bolstered by deep-tow magnetic
anomalies resolved in two small survey areas with multiple
overlapping lines that show excellent correlation and line-
arity and a similarity to Hole 801C downhole results. In
contrast, the origin of difficult-to-correlate, high-frequency
anomalies in the middle of the study area (i.e., LAZ area) is
less certain.
[54] We constructed a polarity block model in which all

of the correlated deep-tow magnetic anomalies are assumed
to result from geomagnetic polarity reversals and the result
is a JQZ GPTS model extending from anomaly M30 to M45
(�157.8 to 169.7 Ma). We also derived a GPTS model for
profiles upward continued to midwater levels. This GPTS
shows fewer polarity periods but is more comparable to
Cenozoic and late Cretaceous GPTS derived from magnetic
data with a similar source-sensor separation. The deep-tow
GPTS is likely an overestimation of the true number of
polarity reversals because it probably includes anomalies
caused by geomagnetic field fluctuations that were incor-
rectly interpreted as reversals. Furthermore, the LAZ por-
tion of the GPTS model (M37-M41) is uncertain because of
poor correlation in that region. Nevertheless, the GPTS
provides a template for future JQZ polarity reversal studies.

[55] Although the average implied reversal rate for the
deep-tow GPTS is �12 rev/Ma, the model around Hole
801C implies rates twice that high, if all anomalies are
interpreted as reversals. Such values are similar to rates
implied by studies from drilling data from Hole 801C,
bolstering the argument that many of the deep-tow magnetic
anomalies in the vicinity of Hole 801C result from geo-
magnetic polarity reversals. This conclusion is also consis-
tent with findings of rapid polarity reversals from
continental magnetostratigraphy studies for the Jurassic.
[56] Changes in deep-tow profile anomaly amplitudes

give clues about the origin of the JQZ. Anomaly amplitudes
decrease with age into the LAZ and then increase slightly,
suggesting that the LAZ was a period of abnormal, low field
intensity. The decrease of anomaly amplitudes is consistent
with independent results indicating that the Jurassic was a
time of weak geomagnetic field strength (the Mesozoic
dipole low) and implies a global geomagnetic field contri-
bution to low anomaly amplitudes within the JQZ. We
examined several additional hypotheses to explain the
LAZ and favor a combination of reduced field intensity,
perhaps caused or augmented by overlapping transitional
field minima, along with interference and partial anomaly
cancellation owing to closely spaced, narrow polarity
blocks. Tectonic complications are also a possible contrib-
utor for the poor correlation of LAZ anomalies, but this
contribution cannot be evaluated without better knowledge
of local Pacific Jurassic tectonics.
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