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materials, although a few cases have been re- 

ported in heteroepitaxial layers of semiconduc- 
tors (22, 26). The presence of such defects in 
semiconductors was rationalized by comparing 
the energies of complete low-angle tilt grain 
boundaries with similar disclinations (22). It 
was shown that the disclinations are energeti- 
cally more favorable when the misorientations 
between two crystals is only a few degrees, 
similar to the rotation in Fig. 2. 

The introduction of partial wedge discli- 
nations, dipoles, and other disclination de- 
fects into a metal during mechanical milling 
increases the stored elastic energy (6), as 
illustrated by the bent planes in Fig. 3. This 
stored elastic energy may be partly responsi- 
ble for the unusually high enthalpy, which is 
on the order of one-third the heat of fusion, 
that is associated with mechanically milled 
Fe powder (2). Disclination defects can also 
contribute to the unusually high strength of 
fine-grained mechanically milled metals, be- 
cause the large stress fields associated with 
them make it difficult for other deformation 
defects to move through the metal (23, 24). It 
is also likely that they contribute to the broad- 
ening of crystalline peaks in x-ray diffraction 
patterns commonly observed in mechanically 
milled metals (12, 14, 28). 

The generation and interaction of partial 
wedge disclinations allows reorientation of 
crystal volumes only several nanometers in 
size. This mode of deformation on such a fine 
scale likely facilitates the fragmentation and 
reorientation process of metal grains undergo- 
ing severe plastic deformation (6, 29), leading 
to an ultrafine grain size. Thus, partial disclina- 
tion defects such as those in Fig. 2 can contrib- 
ute to both the deformation response and the 
strengthening of metals. The generation of par- 
tial disclination defects provides an alternative 
mechanism to grain boundary sliding, which 
has been suggested to allow rotation of nano- 
sized crystals during mechanical milling (30). It 
is not possible to determine exactly how the 
partial disclination dipoles in Fig. 2 formed 
from the HRETM image, although the disloca- 
tions likely nucleated at preexisting defects 
such as grain boundaries or cell walls in the 
metal (29) and rearranged into the terminating 
arrays in Fig. 2. 

Because HRTEM investigations have been 
performed on other mechanically milled pow- 
ders, it is worth commenting why partial discli- 
nations, such as those in Fig. 2, have not been 
previously reported. One reason for this may be 
that previous HRTEM investigations were per- 
formed on Cu and Cu-Fe alloys, where twin- 
ning is a common mode of deformation, and 
much attention was placed on the formation of 
twins, shear bands, and grain boundaries, rather 
than on disclination defects (13, 31). It may also 
be that the bcc crystal structure of Fe favors the 
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and that the high melting temperature of Fe 
limits movement and annihilation of the defects 
at ambient temperatures, thereby preserving 
them in the material for examination. These 
factors could be tested by performing HRTEM 
investigations of other high-melting tempera- 
ture bcc metals and alloys. 

We have used HRTEM to directly observe 
the atomic structure of partial disclination 
dipoles in bcc Fe that had undergone severe 
plastic deformation by mechanical milling 
and shown that the formation and migration 
of such partial disclinations during deforma- 
tion allows crystalline solids to rotate and 
rearrange at the nanometer level. Such rear- 
rangements are important basic phenomena 
that occur during material deformation, and 
hence may be critical in the formation of 
nanocrystalline metals by mechanical milling 
and other deformation processes. The forma- 
tion of partial disclination dipoles and other 
disclination defects facilitates deformation 
under high stresses, and they also can cause 
considerable strengthening, owing to the in- 
teraction of their elastic stress fields with 
each other and with grain boundaries in the 
material. Thus, such disclination defects may 
make an important contribution to the unique 
material properties of nanocrystalline metal 
alloys produced by mechanical milling. 
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Orbital Influence on Earth's 

Magnetic Field: 100,000-Year 

Periodicity in Inclination 

Toshitsugu Yamazaki'* and Hirokuni Oda1 

A continuous record of the inclination and intensity of Earth's magnetic field, during 
the past 2.25 million years, was obtained from a marine sediment core of 42 meters 
in length. This record reveals the presence of 100,000-year periodicity in 
inclination and intensity, which suggests that the magnetic field is modulated 
by orbital eccentricity. The correlation between inclination and intensity shifted 
from antiphase to in-phase, corresponding to a magnetic polarity change from 
reversed to normal. To explain the observation, we propose a model in which 
the strength of the geocentric axial dipole field varies with 100,000-year 
periodicity, whereas persistent nondipole components do not. 

Long-term secular changes in Earth's mag- produces the field. Although the geodynamo 
netic field are important for understanding may be a self-sustained system within Earth's 
the energy sources of the geodynamo, which core that is maintained by heat and gravita- 
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tional energy from the cooling of Earth (1), 
secular variations with periodicities longer 
than the electrical diffusion time of the core, 
which is considered to be about 10,000 years 
(10 kyrs) (1), may indicate the presence of 
external energy sources. Previous estimates 
of the relative strength of the past magnetic 
field (relative paleointensity) determined 
from marine sediments (2-5) suggested the 
occurrence of long-term variations (-10 to 
100 kyrs) during the Brunhes Chron (the last 
780 kyrs). Some studies have found the Mi- 
lankovitch orbital frequencies in the paleoin- 
tensity records [-41-kyr obliquity (6) and 
-100-kyr eccentricity (7, 8)] and suggested 
that orbital forcing or paleoclimate changes 
energize the geodynamo. Others, however, 
resulted in contradictory conclusions: They 
detected no stable frequency (5), or the fre- 
quency was an artifact caused by paleocli- 
matically induced rock-magnetic changes (9- 
11). Long-period changes are expected to 
occur in paleomagnetic directions, as well as 
in intensity, if convection in the liquid outer 
core is influenced by Earth's orbit or climate. 
Directional data should be less susceptible to 
rock-magnetic changes than to paleointensity 
(9). Previous studies have suggested the pres- 
ence of long-term directional changes (12- 
17), but their findings were ambiguous be- 
cause of the lack of a continuous, long-term 
record with good age control. Here we 
present a continuous inclination record dur- 
ing the last 2250 kyrs. 

A piston core of 42 m in length (core 
MD982185) was taken from the West Caro- 
line Basin (WCB) at 3?05.1'N, 134?59.8'E. 
The water depth of the site is 4415 m. In a 
previous study in WCB in which cores less 
than 7 m in length were used, the sediments 
showed variations in intensity and direction 
of the magnetic field during the past 200 kyrs 
(16). The longer core extends the record back 
to the Matuyama Chron [0.78 to 2.60 million 
years ago (Ma) (18)]. A total of 1746 discrete 
samples of 7 cm3 each were taken consecu- 
tively from half sections of the core. The core 
consists mainly of hemipelagic clay, and 
shows cyclic variations in carbonate content, 
which reflects glacial-interglacial changes 
with higher carbonate content in glacial peri- 
ods. The magnetic susceptibility (k) fluctu- 
ates as a result of the dilution effect, with 
lower k in glacial periods (Fig. 1A), and these 
variations in k mimic the oxygen isotope ratio 
(6180) curve (16). 

The sediments have stable remanent mag- 
netization throughout the core (19), and the 
magnetic polarity reversal sequence down to 
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Fig. 1. (A) Volumetric magnetic susceptibility (k) (black curve) and reference oxygen isotope ratio 
(8180) (gray curve) (32) with stage numbers. (B) Ratio of ARM susceptibility to magnetic 
susceptibility, a parameter testing rock-magnetic homogeneity of the sediments (19). (C) Decli- 
nations. The declinations are relative because the core was not azimuthally oriented. Depths in core 
below the Brunhes-Matuyama boundary [B/M, 780 ka (18)] were converted to ages on the basis of 
magnetostratigraphy: Jaramillo (J: 990 to 1070 ka), Cobb Mountain (C: 1201 to 1211 ka), Olduvai 
(0: 1770 to 1950 ka), and Reunion Subchrons (R: 2140 to 2150 ka). Sedimentation rate was 
assumed to be constant between the polarity boundaries. (D) Inclinations. (E) Relative paleoin- 
tensity estimated from NRM intensities normalized by ARM (thin black line), and from the 
"pseudo-Thellier" method (open circles) (19, 28). The age model during the Brunhes Chron was 
constructed by correlating the relative paleointensity variations to a standard curve, the Sint-800 
stack (5) (thick gray line; the origin was shifted for easier comparison between the two). VADM: 
Virtual axial dipole moment. Tie points were the lows at 40, 110, 190, 290 390, 530, and 680 ka, 
and linear interpolation was applied between them. 

the Reunion Subchron [2.14 to 2.15 Ma (18)] 
could be identified from the declination (Fig. 
1C). Average inclination is about zero, and 
thus the polarity sequence cannot be recog- 
nized in the inclination (Fig. 1D). An incli- 
nation of 6? is expected at the coring site 
from the hypothetical geocentric axial dipole 
(GAD), but an inclination anomaly AI (20) of 
-5? to -6? is known to exist in this region 
(21, 22), which is thought to be caused by 
persistent nondipole components. The age 
control of the core is based on the magnetic 
polarity boundaries at and before the Brun- 
hes/Matuyama (B/M) transition (Fig. 1). The 
age of the bottom of the core is estimated to 
be about 2250 kyrs. Within the Brunhes 
Chron, further constraints were provided by 
the relative paleointensity variations (pre- 
sented below) tied to the standard curve Sint- 
800 (5, 23). The ages based on the relative 
paleointensity are consistent with those esti- 
mated from the k-6180 correlation (Fig. 1A). 
Sedimentation during the Matuyama Chron 
was almost constant at a rate of about 1.3 
cm/kyr, whereas it increased rapidly in the 
Brunhes Chron and reached 4.9 cm/kyr dur- 
ing the last 190 kyrs [supplementary fig. 1 
(19)]. 

Long-term cyclic changes in the inclina- 
tion during the past 2250 kyrs are apparent 
(19). A 100-kyr signal was extracted by 
means of a band-pass filter centered at this 
frequency (Fig. 2). A time-series analysis 
indicates the presence of about 100-kyr peri- 
odicity both in the Brunhes and Matuyama 
Chrons (Fig. 3A). The variation pattern dur- 
ing the last 200 kyrs coincides with the pre- 
vious record from WCB (16), indicating in- 
tercore consistency. 

Cyclic lithological changes may induce cy- 
clic changes in the magnitude of the inclination 
shallowing (24), and then the inclination. How- 
ever, this cannot explain the inclination varia- 
tions observed here. In equatorial regions like 
this site, inclinations are close to zero, and thus 
inclination shallowing should be negligibly 
small. Furthermore, the observation that in in- 
clination the 100-kyr periodicity dominates 
even in the Matuyama Chron, when lithological 
changes that appeared in the variations of k 
were govered by 40-kyr periodicity (Fig. 3C) 
(25), excludes the possibility of lithological 
control on the inclination. Coarse sampling of 
directional secular variations with 102- to 103- 
year periods could produce apparent long peri- 
ods by an aliasing effect (26). However, this 
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Age(ka) 

Fig. 2. Long-term secular variations in inclination and orbital eccentricity variations. (A) Astro- 
nomical solution for orbital eccentricity (33). (B) Inclination record, which was subjected to 
time-series analysis in Fig. 3A (thin lines) (19). The output of a band-pass gaussian filter centered 
on 0.01 kyr-1 (100 kyr) with a band width of 0.002 kyr-1 is superimposed (thick curve). Analyseries 
software (34) was used. Triangles indicate the positions of core-section boundaries at 1.5-m 
intervals. 
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Fig. 3. Power spectrum of (A) inclination, (B) 
relative paleointensity, and (C) magnetic sus- 
ceptibility (19). The width of the gray column 
highlighting a 100-kyr band represents the 
bandwidth. 

cannot explain the observation that the 100-kyr 
periodicity appears both in the Brunhes and 
Matuyama Chrons while sampling intervals de- 
crease in the Brunhes Chron because of the 
increasing sedimentation rate. Smoothing of the 
variations at postdepositional remanent magne- 
tization (pDRM) acquisition processes (27) 
should also reduce the aliasing effect. The pe- 
riodicity is not an artifact caused by sediment 
deformation when the core was cut into 1.5-m 
long sections, because the 100-kyr periodicity 
exists throughout the core despite the upward 
increase of sedimentation rate [supplementary 
fig. 1 (19)], and no notable power was observed 

at the 1.5-m period. These observations suggest 
that the 100-kyr periodicity in inclination re- 
flects geomagnetic field behavior. The ampli- 
tude of the short-period directional fluctuation 
is larger in the upper part of the core, at -400 
ka and younger, than in the rest of the core 
(Figs. 1 and 2). This is probably due to a 
reduced filtering effect on pDRM acquisition 
(27) caused by the increased sedimentation 
rate, but one that is not of geomagnetic field 
origin. 

The relative paleointensity is estimated from 
the natural remanent magnetization (NRM) in- 
tensities normalized by anhysteretic remanent 
magnetization (ARM) (Fig. 1E) (19). The sed- 
iments are rock-magnetically homogeneous in 
general and fulfill the criteria of reliable relative 
paleointensity determination (2, 19). The rela- 
tive intensities derived from a normalization by 
ARM and from the "pseudo-Thellier" method 
(19, 28) are consistent (Fig. 1E), indicating that 
the sediments did not suffer seriously from 
viscous remanent magnetization. The relative 
paleointensity variations during the Brunhes 
Chron resemble the standard curve Sint-800 
(5), which indicates that our paleointensity 
record reflects geomagnetic field behavior. A 
spectral analysis shows the power density at 
about the 100-kyr period also on the relative 
paleointensity variations, although it is less 
dominant than that of the inclination (Fig. 3B). 
Our record does not show the so-called asym- 
metric sawtooth pattern, that is, a rapid growth 
in intensity immediately after a polarity reversal 
with a gradual decay afterwards (3). 

A relation between paleoclimate and oc- 
currence of geomagnetic polarity reversals 
and excursions has been suggested previously 
(29, 30); changes in Earth's moment of iner- 
tia caused by paleoclimatically induced ice- 
volume changes might affect the geodynamo 
through a core-mantle interaction. The dom- 
inance of the 100-kyr signal even when pa- 
leoclimate changes were governed by the 40- 
kyr obliquity period (25) suggests that the 
long-term secular variations did not result 
from ice-volume changes. Another important 
implication of the paleomagnetism is that a 
time period of longer than 100 kyrs is re- 

quired for averaging out secular variations, 
which is much longer than usually assumed, 
on obtaining, for example, mean virtual geo- 
magnetic pole (VGP) positions for tectonic 
applications and angular dispersions of VGPs 
for modeling paleosecular variation. 

A cross-correlation analysis between the 
inclination and paleointensity variations 
shows a flip of phase relation with the geo- 
magnetic polarity reversal. The phase angle 
between the two is close to zero during the 
Brunhes Chron, whereas it is about 180? 
during the Matuyama Chron [supplementary 
fig. 2 (19)]. To explain the correlation be- 
tween inclination and paleointensity, we pro- 
pose a model in which the strength of the 
GAD varies with 100-kyr periodicity, where- 
as those of nondipole components do not 
vary. Paleodirectional data indicate the pres- 
ence of persistent nondipole components, 
which reverse with GAD (22). In WCB, the 
inclination anomaly Al is -5? to -6? (21, 22). 
In the Brunhes Chron, on the basis of our 
model, the relative contribution of the nondi- 
pole components is expected to be smaller 
when GAD is stronger, which results in more 
positive inclinations. When GAD is weaker, 
more negative inclinations will be observed. 
The phase angles are thus close to zero. In the 
Matuyama Chron, the sign of both GAD and 
the persistent nondipole components are re- 
versed, and thus more negative inclinations 
are expected at stronger GAD, resulting in 
phase angles close to 180?. This model is 
testable; the 100-kyr period in inclination will 
be obvious where AI is large. According to 
the AI map (22), AI is large in the east-to- 
central equatorial Pacific, around Indonesia, 
and in low latitudes of the Atlantic, and it is 
small in Eurasia, and in North and South 
America. 
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Records of global sea-level change provide 
important information on the dynamics and 
mass balance of glaciers and ice sheets and 
on the geophysical properties of Earth's inte- 
rior. Moreover, the sea-level rise from melt- 
ing ice sheets identifies an increase in the 
freshwater flux to the ocean that, if targeted at 
areas of deep water formation, may influence 
the oceanic thermohaline circulation and 
cause climate change. Ongoing rates of mod- 
em sea-level rise are 1 to 2 mm/year (1). By 
comparison, the Barbados record of sea-level 
rise during the last deglaciation identifies an 
extraordinary event, beginning - 14,200 
years before the present (yr B.P.), when rates 
exceeded 40 mm/year (-20 m over -500 
years) (2), corresponding to a freshwater flux 
on the order of 0.5 Sv (1 Sv 106 m3 s-'). 
This meltwater pulse, mwp-IA, was a period 
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of exceptionally rapid reduction of the global 
ice budget, which may have affected atmo- 
spheric and ocean circulation through the rap- 
id decrease in ice topography and the large 
increase in freshwater flux to the ocean. De- 
spite the importance of mwp-IA to the last 
deglaciation, the specific ice sheets responsi- 
ble for the event remain uncertain (3). We 
propose a direct method for establishing the 
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source of mwp-IA on the basis of geographic 
variations in the meltwater distribution (or, 
alternatively, sea-level rise) over the duration 
of the event. 

The Laurentide Ice Sheet is commonly 
cited as the most likely source of mwp-IA 
primarily because of its large size (4). Spe- 
cific evidence suggesting that this ice sheet 
was responsible for mwp-IA, however, is 
limited to deep-sea cores from the Gulf of 
Mexico and the Bermuda Rise that record a 
decrease in 8180 subsequent to the onset of 
the event (5-8). Insofar as these sites record 

only meltwater draining through the Missis- 

sippi River, interpretation of the isotopic sig- 
nal as recording mwp-IA necessarily implies 
that the meltwater pulse originated entirely 
from the southern sector of the ice sheet: 

Specifically, the Hudson Strait and Gulf of 
St. Lawrence also served as outlets for Lau- 
rentide meltwater, but records of freshwater 
flux through these outlets (6`8O and ice- 
rafted debris) indicate insignificant discharge 
during mwp-IA (9, 10). However, the argu- 
ment for a lone southern Laurentide source 
for mwp-IA faces several serious objections 
(11). The Barents Sea and Fennoscandian Ice 
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Table 1. Normalized sea-level change for a source of mwp-IA in southern Laurentia. The scenarios "S. 
Laurentia" and "S. Laurentia-U" refer to cases where the (assumed instantaneous) melting in southern 
Laurentia is either proportional to ice height at the onset of mwp-IA (as in Fig. 1A) or uniform across the 
region, respectively. The scenarios "S. Laurentia-M1" and "S. Laurentia-M2" explore the sensitivity of the 
predictions to variations in the timing of melting. The M1 history assumes that the mwp-IA deglaciation 
occurred uniformly over a period of 1000 years rather than instantaneously, whereas the M2 history 
assumes that 20% of the melting took place over the first 400 years, followed by 60% over the next 200 
years and the remaining 20% over the last 400 years. 
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Sea-Level Fingerprinting as a 

Direct Test for the Source of 

Global Meltwater Pulse IA 
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The ice reservoir that served as the source for the meltwater pulse IA remains 
enigmatic and controversial. We show that each of the melting scenarios that have 
been proposed for the event produces a distinct variation, or fingerprint, in the 
global distribution of meltwater. We compare sea-level fingerprints associated with 
various melting scenarios to existing sea-level records from Barbados and the Sunda 
Shelf and conclude that the southern Laurentide Ice Sheet could not have been the 
sole source of the meltwater pulse, whereas a substantial contribution from the 
Antarctic Ice Sheet is consistent with these records. 
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