
of L,/nh = 0.050 -f 0.005, which is thus five 
times larger than that of Ni. 

For a direct comparison of the EM,, in 
Ni and Co, we need to know the propor- 
tionality factors in Eq. 1. We performed fully 
relativistic first-principles band structure 
calculations in the local spin-density ap- 
proximation (13) for both Co  and Ni (Fig. 
3). Their face-centered lattices were tetra- 
gonally distorted to various degrees, result- 
ing in a simultaneous change in EMo and 
L,. These quantities show a linear relation 
with the same proportionality factor over a 
wide distortion range. This is surprising, be- 
cause 6 for Ni is about 12% greater than that 
for Co. The small deviations from the linear 
behavior can be assigned to additional terms 

u 

neglected in Eq. 1, such as the magnetic 
dipole contribution (9). Applying the curve 
in Fig. 3 to our experimental data, we obtain 
for the magnetic anisotropy energy of the 
33-ML Ni and 3-ML Co  layers per unit cell 
values of EKcA = 14 meV and EgcA = 

-11 meV (14), where we used the calculat- 
ed number of 3d holes of n:' = 1.4 and n p  
= 2.4. The measurements show unambigu- 
ously that the Ni spins in both cases favor a 
perpendicular orientation, and it is the an- 
isotropy contribution of the Co  layer that 
determines the spin orientation of the entire 
film. For the 3-ML Co/33-ML Ni film, the 
anisotronv contributions nearlv cancel each . , 
other, resulting in the mixed 'in-plane and 
perpendicular easy-axis characteristics of 
Fig. 1. A small increase in the Co layer 
thickness causes a negative total anisotropy 
energy, and consequently, the easy magne- 
tization direction will be comnletelv in the 
film plane in agreement with the hysteresis 
measurements. 

The strong exchange interaction through 
the CoiNi interface mediated bv 3d electrons 
couples the spins of the two l'ayers parallel 
( 2 ) .  Our element-snecific TMCXD measure- . . 
ments establish the competition between the 
in-plane anisotropy of the Co orbital mo- 
ment and the out-of-plane anisotropy of the 
Ni layer. This leads to the observed Co  
thickness-dependent reorientation of the to- 
tal spin magnetic moment. Such measure- 
ments can be performed in a fixed geometry 
and only involve monitoring of the x-ray 
absorption cross-section, which in principle 
can be done in reflection or transmission. 
Combined with x-ray microscopy, this tech- 
nique could be used to image magnetic an- 
isotropy of nanostructures and devices. 
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Glacial Cycles and Astronomical Forcing 
Richard A. Muller and Gordon J. MacDonald 

Narrow spectral features in ocean sediment records offer strong evidence that the cycles 
of glaciation were driven by astronomical forces. Two million years ago, the cycles match 
the 41,000-year period of Earth's obliquity. This supports the Croll/Milankovitch theory, 
which attributes the cycles to variations in insolation. But for the past million years, the 
spectrum is dominated by a single 100,000-year feature and is a poor match to the 
predictions of insolation models. The spectrum can be accounted for by a theory that 
derives thekycles of glaciation from variations in the inclination of Earth's orbital plane. 

N e a r l y  as soon as the ice ages were dis- 
covered, their origin was attributed to as- 
tronomical causes. In the late 1800s, 
James Croll assumed that the ice ages were 
driven by changes in insolation (solar 
heating) brought about by variations in 
Earth's orbit and spin axis (1, 2 ) .  Accord- 
ing to Croll, and to Milankovitch after 
him (3,  4 ) ,  the main orbital parameters 
that affect insolation and its distribution 
are Earth's orbital eccentricity, obliquity 
( the tilt of Earth's noles toward the sun). , , 

and precession ( the lag between equinox 
and perihelion). However, it was not until 
1970 that Broecker and van Donk (5) 
established that glaciation in the late - 
Pleistocene was truly periodic and was 
dominated by a 100,000-year (100-ky) cy- 
cle. This period was soon identified with 
the quasiperiodic 100-ky cycle of Earth's 
eccentricity. (We will offer evidence that 
this identification was premature.) In ad- 
dition, another strong cycle was discov- 
ered with a 41-ky period that matched the 
cycle of changes in Earth's obliquity (6) .  
This 41-ky cycle appears to have dominat- 
ed glacial changes from 1.5 to 2.5 million 
years ago (Ma) (7). The  100-ky cycle has 
dominated from 1 Ma to the nresent. 

Much of the best data for paleoclimate 
studies comes from ocean sediments, in 
which proxies for climate, preserved in 
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fossils, are measured as a function of 
depth. The  oxygen isotope ratio S180 is 
believed to reflect the amount of Earth's 
water frozen in ice and thus is a measure of 
Earth's global ice volume. T o  turn a record 
of S180 versus denth into a record versus 
time, the sedimentation rate must be esti- 
mated. This is often done with a nrocess 
called tuning, in which the instantaneous 
sedimentation rate is deduced by matching 
cycles in S i 8 0  to calculated perturbations 
in Earth's orbit. Parameterized sedimenta- 
tion rates are adjusted to bring the ob- 
served nroxv variations into consonance 
with th'e predictions of the model. This 
approach is potentially circular if the re- 
sults are used to validate the climate mod- 
el used to tune the record. Neeman (8) has 
demonstrated with Monte Carlo tests that, 
given enough parameters, tuning proce- 
dures can successfully match data to an  
incorrect model, resulting in an  inaccurate 
time scale as well as in a false validation of 
the model. Therefore, for the present 
work, we emphasize the use of time scales 
that are untuned and assume constant sed- 
imentation with average rates constrained 
by radiometrically measured control 
noints. 

A strong case for astronomical forcing 
of glacial cycles comes from analysis of 
S180 data for the age interval 1.5 to 2.5 
Ma from Deep Sea Drilling Project 
(DSDP) site 607, located on the west 
flank of the Mid-Atlantic Ridge. For a full 
description of the stratigraphy, dating, and 
magnetic correlation, see Ruddiman e t  al. 
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(7) and Raymo e t  al. (9) .  In their spectral 
analysis of the 8l8O data for the time 
interval 1.60 to 2.75 Ma, Ruddiman e t  al. 
(10) found a 41-ky peak with a full width 
at half maximum (FWHM) Af/f of 12%. 
This is close to the width that would be 
obtained for a pure sine wave, using the 
low-resolution spectral method that was 
employed [Blackman-Tukey (1 1 )  with 113 
lags (1 Z)]. However, the time scale of this 
record had been tuned to obliquity, so it 
was conceivable that the relativelv narrow 
width was an  artifact of tuning. 

The  6 l 8 0  data versus deuth are shown 
in Fig. 1A. T o  make an  analysis that does 
not depend on tuning, we calculated the 
spectral power as a function of cycles per 
meter, using a method (13) that has about 
three times better frequency resolution 
than the method used bv Ruddiman e t  al. 
The resulting spectrum is shown in Fig. 
1B. It has one strong peak near 0.52 cy- 

cles/m, with statistical significance greater 
than 99.9% (14). To  place a time scale on 
the data, we assumed the same average 
sedimentation rate (15) used bv Ravmo e t  

1 ,  

al. for this interval: 4'5.6 m per million 
years. With this sedimentation rate, the 
peak in Fig. 1B appears near the 41-ky 
period of obliquity. 

The  narrow width of this peak is the 
salient feature for the present discussion. 
The  peak has a FWHM of Af/f = 3.7%. 
This is the same width that we obtain 
when we perform the same analysis on a 
pure 41-ky sine wave (or on any other 
perfectly periodic function, such as trian- 
gular, whose fundamental component is at 
41 ky) for the same 1-million-year dura- 
tion (16). The  fractional width of a peri- 
odic signal is independent of the assumed 
sedimentation rate but depends solely on  
the number of cycles in the interval (17). 
The  presence of a narrow peak in untuned 

Age (MY) Frequency (cycles1ky)r 
1.5 1.7 1.9 2.1 2.3 2.5 0 0.01 0.02 0.03 0.04 0.05 0.06 

I I ' l " ' l ' l ' l " ' l ' l ' l ' ! l  1- 

Depth (m) Frequency (cycleslm) 

Fig. 1. (A) S180 data in parts per thousand and (8) spectral power for DSDP site 607, for the interval from 
1.5 to 2.5 Ma. The time scale assumes a constant sedimentation rate. 

Age ( k~ )  Frequency (cycleslky) 

Depth (m) Frequency (cycleslm) 

Fig. 2. (A) S180 data in parts per thousand and (B) spectral power for ODP site 659 for the interval from 
0 to 900 ka. The time scale assumes a constant sedimentation rate. 

data requires two phenomena: the exis- 
tence of a nearly constant sedimentation 
rate and the presence of a truly periodic 
signal. 

The  narrow width has important impli- 
cations for climate models. In anv climate 
model that depends on  free oscillation, the 
width will be significantly broadened if 
substantial energy loss (friction) is present 
or if the mode of oscillation is not isolated 
from other modes. For this reason, free- 
oscillation climate models generally pre- 
dict broad spectral peaks. Likewise, cli- 
mate models based on  relaxation oscilla- 
tors usually have broad peaks. Relaxation 
oscillators tend to lose their phase stability 
(and their narrow spectral peaks) unless 
the energy exchange mechanisms are ex- 
ceptionally constant over many cycles, a 
condition not e x ~ e c t e d  to be met in the 
geophysics of climate. In contrast, a cli- 
tnate model that depends on forced oscil- 
lations has a spectrum that reflects the 
spectrum of the driving force, so that re- 
gardless of losses, narrow spectral features 
in the force will also appear in the re- 
sponse (1 8).  The  only natural driving forc- 
es in physics that have narrow spectra 
tend to be astronomical and quantum- 
mechanical, because friction is often neg- 
ligible both in space and in atoms. (This is 
why the motions of the Earth, moon, and 
planets provided the original calendars, 
and it is why quantum-mechanical devices 
provide the most accurate clocks.) Be- 
cause we have no  plausible way to relate 
the phase stability of the glacial cycles to 
quantum mechanics, we conclude that the 
oscillation is driven bv an  astronomical 
source. This is a general argument for the 
astronomical origin of the 41-ky cycle that 
does not  depend on the details of any 
specific astronomical theory, such as the 
Croll/Milankovitch insolation model, or 
even on the frequency match between this 
cycle and the obliquity cycle. 

Similar evidence for the astronomical 
origin of the 100-ky glacial cycle can be 
found in S180 data from Ocean Drilling 
Program (ODP) site 659, located in the 
Atlantic Ocean off northwest Africa, near 
18"N and 21°W (19, 20). The  untuned 
S180 data for the age interval from 0 to 
900,000 years ago (ka) is shown in Fig. 
2A. The  time axis was derived by taking 
the age of Tiedeman et al. (20) for the 
maximum depth and assuming constant 
sedimentation. The  sDectrum is shown in 
Fig. 2B. A strong narrow peak appears near 
f = 0.01 cycles/ky (100-ky period). The  
FWHM of the peak is Af/f = 9.8%, which 
is indistinguishable from the width one 
would obtain for a sine wave (16). It is 
highly unlikely that a single narrow peak 
would appear in the untuned data unless 
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the sedimentation rate were relatively 
constant and there were a driving force 
with a strong single period. We conclude 
that the 100-ky cycle is astronomically 
driven. 

To make a more comprehensive study 
of the 100-ky cycle and to compare it with 
theory, we examined 6"0 records for 
cores at the following DSDP and ODP 
sites located in the Atlantic, Pacific, and 
Indian oceans: site 552 (21), site 607 (7, 
9) ,  site 659 (19, 20), site 664 (22), site 677 
(23, 24), site 806 (25, 26), site 849(27), 
and the Specmap stack (28). Site 806 has 
been shown to have a nearly constant 
sedimentation rate for the interval from 0 
to 840 ka (29). A narrow peak in the 
untuned data, which is evidence for nearly 
constant sedimentation, was also found in 
the spectra for site 664 for the interval 
from 0 to 600 ka. 

In order to facilitate comparisons among 
the sites, we chose a common time interval 
covered by all the 6180 data sets: 0 to 600 
ka. In column A of Fig. 3 we show the 
spectra for this period expected from three 
climate models: a linear eccentricity model, 
a nonlinear ice model that derives its quasi- 
100-ky cycle from the envelope of the pre- 
cession parameter (30), and an orbital in- 
clination model (3 1-33). The frequency 
scale has been expanded to facilitate com- 
parisons of the peak shape and structure. 
The orbital spectra were calculated using 
the results of Quinn et al. (34). The orbital 
inclination was transformed to the invari- 
ant plane as described by Muller and Mac- 
Donald (33); the values for the past 3 mil- 
lion years have been posted on the World 
Wide Web at www-muller.lbl.gov. The in- 
solation-based models have spectral finger- 
prints with three peaks near 0.0025, 0.008, 
and 0.0105 cycles/ky, corresponding to pe- 
riods of 400, 125, and 95 ky. The finger- 
print of the inclination model has a single 
prominent peak near frequency 0.01 cycles/ 
ky, corresponding to a period of 100 ky 

The spectra of the 6180 data are plot- 
ted in the remaining columns of Fig. 3. 
Column B contains the spectra for the 
sites at which there was evidence (as dis- 
cussed above) that the sedimentation rate 
was nearly constant: sites 659, 664, and 
806. Column C contains the data for 
which the sedimentation rate showed ev- 
idence of variability during the 0- to 600- 
ka interval but for which a minimally 
tuned time scale was available: sites 552, 
607, and Specmap. (By minimally tuned, 
we mean that the sedimentation rate was 
tuned, at most, to obliquity and preces- 
sion, but that there was no 100-ky cycle in 
the target curve. Such tuning can artifi- 
cially enhance and narrow the 41- and 
23-ky peaks; if done badly, it could destroy 

the 100-ky peak, but it is unlikely to arti- 
ficially narrow the 100-ky peak.) Column 
D has spectra of data that showed strong 
evidence for sedimentation rate variabilitv 
and for which the only time scale that had 
been published was tuned to a climate 
model that included eccentricity. 

There is a remarkably consistent pattern 
in the 6180 spectral fingerprints in Fig. 3. 
All show a single narrow peak near fre- 
quency 0.01 cycles/ky (period 100 ky), 
which is similar to the spectrum of the 
orbital inclination model. None of the spec- 
tra show the multiple peak structure expect- 
ed from the insolation theories. Even the 
fullv tuned data sets in column D, which are 
susiect because they were tuned to eccen- 
tricitv, are a better match to the inclination , , 
model than to the eccentricity or nonlinear 
ice models. This evidence suggests that or- -- 
bital inclination is the primary driving force 
for the global ice proxy 6180 during the past 
million years, although we cannot rule out a 
small contribution by eccentricity or pre- 
cession. Several of the spectra show small 
peaks near f = 0.008 (period 125 ky), which 
are characteristic of the insolation models, 
but these peaks have low statistical signifi- 
cance and could be noise fluctuations. 
None of the 6"0 data show either the 
expected doublet (125- and 95-ky periods) 
or the strong peak near f = 0.0025 (400-ky 
period) that is present in the insolation 
models. It has been argued that the 400-ky 

cycle can be suppressed by the geologic 
resvonse (35). However. there are at least ~, 

tw; other climate records, unrelated to gla- 
cial volume, that show the comvlete trivlet 
structure expected from eccentricity (400-, 
125-, and 95-ky peaks): the coarse compo- 
nent (large foraminifera fraction) of sedi- 
ment at site 806 (29) and Triassic lake-bed 
depth ranks (36). These examples show 
that the 400-ky peak is not necessarily sup- 
pressed by the Earth response, and so its 
absence from the 6180 record must be con- 
sidered additional evidence against eccen- 
tricitv or vrecession as a driving force for . L - 
variations in global ice volume. These ex- 
amvles also show that eccentricitv and vre- 
cession do affect other aspects ck climate. 
At site 806, signals from inclination and . - 
eccentricity were found to be present simul- 
taneously (29). However, the eccentricity 
signal was in a proxy thought to be sensitive 
to local climate (the coarse fraction of the 
sediment), whereas the inclination signal 
was in the proxy for global ice fraction 
(6lS0).  

The shift of the dominant glacial cycle 
from 41 to 100 ky, which took place about 
a million years ago, can be understood if 
the mechanism that links orbital inclina- 
tion to climate is the accretion of extra- 
terrestrial dust. In 1994, Muller (3 1 ) pos- 
tulated that the sudden onset of the 100- 
ky cycle might have been be caused by an 
increase in the amount of interplanetary 

Predicted spectra Observed 6180 spectra 
from orbital theories 
A B Untuned C Minimally tuned D Fully tuned 

10, I I 25 r 15r r 

(pelagic) 
4 

- 2 (benthic) 
L 

Frequency (cycles/ky) Frequency (cycleslky) 

Fig. 3. Spectra of orbital models and of the 6180 data (a proxy for global ice) for the interval from 0 to 600 
ka. The frequency scale has been expanded to facilitate comparison of peak shapes near 0.01 cycles/ky 
(period, 100 ky). Column (A) shows spectra of three possible drivers for the glacial data: a linear 
eccentricity model, a nonlinear ice model that derives the 100-ky signal from the envelope of precession 
parameter, and an orbital inclination model. The next three columns show the spectral power of 6180 
data. Column (8) shows data with untuned time scales. Column (C) shows data with minimally tuned 
time scales (tuned to periods of 41 and 23 ky). Column (D) shows data with fully tuned time scales, that 
is, the target climate model included an explicit 100-ky eccentricity cycle, Ali the data show a similar 
pattern: a single narrow peak near frequency f = 0.01 cycles/ky (period, 100 ky), which is in good 
agreement with the orbital inclination theory and in disagreement with the complex spectra predicted by 
the eccentricity- and precession-based theories. 
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dust or meteoroids at that time. A n  abrupt 
increase in accreted dust at about 1 Ma 
was subsequently reported by Farley in a 
study of 3He in sediment (37). When ac- 
cretion was low, the dominant driving 
force for glaciation was obliquity, perhaps 
through a Croll/Milankovitch insolation 
mechanism. After the dust increase, the 
41-ky obliquity cycle continued but was 
obscured under the stronger dust-driven 
inclination cycles. The  strongest cycle 
predicted by many insolation models has a 
period of 23 ky. Yet this cycle is weak in 
all the S180 records we have studied. This 
cycle would be naturally suppressed, even 
when insolation is the dominant driving 
force of glaciation, if ice volume is not 
particularly sensitive to the north/south 
land mass asvmmetrv on Earth. Previous 
insolation mechanisks could not invoke 
this suppression because they required a 
strong precession contribution in order to 
account for the 100-ky cycle; a cycle we 
attribute instead to inclination. 

One  of the predictions of the accretion 
theory was that 100-ky cycles in dust or 
meteoric material could be found in sedi- 
mentary material or glacial ice, although an  
initial search failed to achieve sufficient 
sensitivity (31 ). To  test this prediction, Far- 
ley searched for cycles of 3He in sediment 
and found the predicted 100-ky cycle, with 
the times of high accretion being roughly 
coincident with the interglacials (38). It is 
possible that the bulk of the dust would 
have a different phase. The 3He measure- 
ments are sensitive primarily to dust parti- 
cles with a diameter of about 7 pm, whereas 
most of the accretion comes from particles 
larger than 50 p m  (39). The orbits of the 
dust particles depend strongly on size, be- 
cause their ~ a t h  to Earth is determined 
primarily by the Poynting-Robertson effect 
(viscosity from sunlight), and while enroute 
to Earth, their orbits are perturbed by Jupi- 
ter and the other   la nets. 

A narrow ring of dust around the sun 
was detected by the Infrared Astronomical 
Satellite (40, 41). This ring is within 112 
degree of the dust band assumed in the 
accretion model. According to Dermott et 
al. (42) ,  this dust is continually replen- 
ished by collisions among the members of 
the Themis and Koronis asteroid families. 
Kortenkamp et  al. (43) have calculated 
that most of the extraterrestrial accretion 
on Earth comes from this narrow solar 
ring. The  event a million years ago that 
increased the rate of iniection of inter- 
planetary dust could have been a particu- 
larlv disru~tive collision in the Themis or 
~ o k n i s  kmilies. According to Korten- 
kamp et  al. (43), the cyclicity of accretion 
observed by Farley is a necessary conse- 
quence of the known dust orbits combined 

with orbital calculations. 
Although the 6180 spectra imply that 

the global ice volume is forced predomi- 
nately by orbital inclination and obliquity, 
other asDects of climate seem to be driven 
by eccentricity or precession. Thus it ap- 
pears that glacial cycles are not completely 
synonymous with climate cycles. It will be a 
challenge to future geophysical models to 
account for the dichotomy. 
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