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Abstract

The cause of the 100 kyr glacial–interglacial cycles during the past 800 kyr is one of the fundamental puzzles in paleoclimatology.

The widely accepted Milankovitch theory, relating earth’s climate cycles to variations in insolation caused by periodic changes in

orbital parameters, has difficulties to explain the predominant 100 kyr rhythm. Although earth’s eccentricity varies with a period of

100 kyr, the resulting change in insolation is too small to produce the corresponding climate cycle by direct forcing (Imbrie et al.,

Paleoceanography 8 (1993) 699). In order to solve the ‘100 kyr problem’, Muller and MacDonald (Nature 377 (1995) 107; Science

277 (1997a) 215; Proc. Nat. Acad. Sci. USA 94 (1997b) 8329) proposed an alternative orbital but non-Milankovitch mechanism

attributing the glacial cycles to regular variations in the accretion of interplanetary dust particles (IDP) caused by 100 kyr cycles in

the orbital inclination of the earth. To test this controversial hypothesis, we study the IDP accumulation in deep-sea sediments from

a period in the early Pleistocene. We find apparent 41 kyr cycles but no 100 kyr periodicity in the IDP accumulation rate. As there is

no known mechanism to produce 41 kyr cycles in IDP supply from space, we conclude that the 41 kyr cycles are caused by the

dynamics of sediment accumulation, and that changes in the IDP flux do not drive the Pleistocene glacial cycles.

r 2004 Elsevier Ltd. All rights reserved.
1. Introduction

According to the inclination hypothesis, the oscilla-
tions of the orbital inclination cause the earth to
periodically pass through a cloud of IDPs. The key link
between variable IDP accretion and climate is believed
to involve noctilucent clouds. As IDPs provide nuclea-
tion sites for noctilucent clouds, the accretion rate of
IDPs is suggested to influence the cloud opacity and, in
turn, affect the earth’s climate (Muller and MacDonald,
1997b).

Two major pieces of evidence support the inclination
hypothesis. First, spectral analysis of d18O in forami-
niferal CaCO3; a proxy of global ice volume, shows a
single narrow peak at a period of 100 kyr. This matches
the single 100 kyr peak expected from inclination
e front matter r 2004 Elsevier Ltd. All rights reserved.
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variations, whereas it is in disagreement with the triplet
peak (two distinct peaks at 95 and 124 kyr, one at
404 kyr) expected from eccentricity (Berger and Loutre,
1992). A number of models have been developed to
address the incompatibility between the single narrow
peak observed in d18O records and the pattern expected
from eccentricity. These invoke, for example, frequency
modulation (Rial, 1999), suppression of the two longer
eccentricity periods (Berger, 1999), and trigger mechan-
isms (Ridgwell et al., 1999); however, the implications of
these modeling approaches remain controversial.

Second, the inclination hypothesis predicts periodic
changes in the accretion of IDPs. Using extraterrestrial
3He as a proxy of interplanetary dust1 (e.g., Farley,
2001), such regular 100 kyr cycles have been identified in
1IDPs derive their helium isotope signal from implantation of solar

wind ions. They are highly enriched in helium, particularly in 3He;
compared to terrigeneous matter and can be readily detected in most

marine sediment environments.
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late Pleistocene sediments at various locations, including
the North Atlantic at Ocean Drilling Program (ODP)
site 607 (Farley and Patterson, 1995), the Ontong Java
Plateau at ODP site 806 (Patterson and Farley, 1998)
and the eastern equatorial Pacific (Marcantonio et al.,
1995, 1996). However, there has been considerable
debate whether the 100 kyr cycles in 3He accumulation
rate reflect the variability of IDP accretion to earth or
rather climate-related changes in sediment redistribution
(Marcantonio et al., 1996, 2001; Higgins et al., 2002).
Resolution of this issue has been hampered by the
limitation that all 3He studies to date have focused on
the late Pleistocene when both the inclination and
earth’s climate display a dominant 100 kyr period of
variability.

Here, we present a new approach to test the
inclination hypothesis by studying the 3He accretion in
the early Pleistocene (‘the 41 kyr world’), when global ice
volume varied almost exclusively at the 41 kyr obliquity
period (Fig. 1B) while inclination of the earth’s orbit still
displayed a 100 kyr periodicity (Fig. 1A). If 100 kyr
cycles in 3He accumulation existed in the ‘41 kyr world’,
Muller’s view (Muller and MacDonald, 1995, 1997a,
1997b, 2000) that the flux of IDPs to earth varies with
the inclination would be strongly supported. On the
other hand, 41 kyr cycles in 3He accumulation rates
would support the view (Marcantonio et al., 1996;
Higgins et al., 2002) that Pleistocene cycles of IDP
accumulation are caused by factors unrelated to changes
in the supply of IDPs from space.
2. Methods

The sediments studied are from ODP site 849 (Leg
138) in the eastern equatorial Pacific (110 W, 0.1 N,
3700 m water depth). The age model (time period
0.6–2.5 Ma) for ODP site 849, provided by Mix et al.
(1995), was developed by correlating the d18O record of
ODP site 849 to the d18O record from ODP site 677,
using the timescale of Shackleton et al. (1990).

Sample details and helium isotope data from ODP849
are given in Table 1.

Extraterrestrial helium was measured at high resolu-
tion (approximately 4 kyr) on samples taken between 39
and 44.6 rmcd (revised meters composite depth), an
interval that represents � 240 kyr between 1.36 and
1.6 Ma. Samples were selected corresponding to the
depths of the original d18O study (Mix et al., 1995) and
span 6 obliquity (41 kyr) cycles. Samples of 0.75–1.5 g
were leached with 0.5 N acetic acid to remove the
calcium carbonate. The helium was extracted from the
non-carbonate fraction of the samples at about 1300 �C
and measured on a MAP-215 mass spectrometer
(Marcantonio et al., 1995). While the typical analytical
error of the mass spectrometric analysis is 1–3%
(Table 1), the actual uncertainty of the 3He measure-
ment is controlled by the statistical effect of the small
number of IDPs hosted in the sediments. To account for
this effect, 18 of the measurements were replicated. The
reproducibility distribution of these replicates is in good
agreement with the model prediction (Farley et al.,
1997) and, therefore, the distribution can be approxi-
mated by a Gaussian distribution with 1s uncertainty of
20% (Patterson and Farley, 1998). The 3He=4He ratios
range from 7 � 10�5 to 2 � 10�4 compared to
1–4 � 10�4 in pure IDP (Nier and Schlutter, 1992) and
2–4 � 10�8 in terrigeneous material (Mamyrin and
Tolstikhin, 1984) implying that virtually all of the 3He
is of extraterrestrial origin.
3. Results and discussion

The obliquity cycle is clearly evident in the d18O
record (Fig. 1B), in the CaCO3 content of the sediments
(Fig. 1C) and the extraterrestrial 3He concentrations
(Fig. 1D). The 3He accumulation rates (Fig. 1F) were
derived by multiplying the 3He concentrations with the
18O derived bulk mass accumulation rates (Fig. 1E).
They show a cyclic variation that is to a large degree
coherent with the d18O signal with the exception of the
penultimate maximum at 1.437 Ma, which appears to be
slightly shifted relative to the respective d18O peak.

Averaging the 3He accumulation rate over the length
of the record and comparing it to fluxes reported for the
late Pleistocene allows us to evaluate long-term changes
in the extraterrestrial 3He accretion to earth. The mean
3He accumulation rate obtained for the early Pleistocene
is 7:3 � 1:8 � 10�13 cm3 cm�2 kyr�1 and is indistinguish-
able from the estimates for the mean flux of the past
200 kyr (8:0 � 2:4 � 10�13 cm3 cm�2 kyr�1; Marcantonio
et al., 2001) and the flux determined from ice core
studies (6:2 � 2:7 � 10�13 cm3 cm�2 kyr�1 for Green-
land/GISP2 and 7:7 � 2:5 � 10�13 cm3 cm�2 kyr�1 for
Antarctica/Vostok, Brook et al., 2000). The agreement
implies that there is no sudden increase in interplanetary
dust levels between the early Pleistocene and the late
Pleistocene as has been suggested earlier (Farley, 1995;
Muller and MacDonald, 2000).

In order to characterize in greater detail the systema-
tic variations of the 3He accumulation rates, a spectral
analysis of the d18O (Fig. 2A) and 3He accumulation
rates (Fig. 2B) was performed using the maximum
entropy method. Strongest power in both spectra is
observed at ca. 0:024 cycles kyr�1; corresponding to the
periodicity of obliquity (41 kyr) and confirming what is
visually seen in Fig. 1E. No other peaks significant at the
95% level are detected. We recognize that the record
spans only about 2.5 inclination cycles (100 kyr period)
possibly affecting the spectral definition at such low
frequencies and that longer records, as they become
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Fig. 1. Inclination and down-core profiles for core ODP849, plotted against d18O based age, for the time-slice between 1.35 and 1.61 Ma. (A)

Inclination of the earth’s orbit relative to the invariable plane (http://www-muller.lbl.gov). (B) d18O of benthic foraminifera (Mix et al., 1995). (C)

Calcium carbonate content given as non-carbonate content [100-CaCO3%] to align the peaks. (D) Extraterrestrial 3He concentration. (E) d18O-

derived mass accumulation rates. (F) Extraterrestrial 3He accumulation rate; 3He accumulation rates are derived by multiplying the 3He

concentration with the d18O-derived mass accumulation rates. The amplitude peak-to-trough of the 3He accumulation rates is about a factor of 2–4,

significantly larger than the uncertainty, indicated by the gray envelope. The 1s uncertainty includes the uncertainty of the 3He concentration (20%)

and the uncertainty of the bulk mass accumulation rates (16%).
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Table 1

ODP 849: sample details and helium isotope data

Section Depth Depth Agea
d18Oa 3Heb 3He=4Heb CaCO3

c MARd

(cm) (rmcd) (Ma) (%) ð10�13 cm3 g�1Þ ðR=RaÞ (%) ðg cm�2 kyr�1
Þ

849C-4H-3e 16 38.98 1.364 4.10 3:007 � 0:058 88:6 � 1:2 72.6 2.12

849C-4H-3 26 39.08 1.367 4.27 4:784 � 0:097 93:4 � 1:4 67.1 2.11

849D-4H-1 16 39.15 1.368 4.18 3:369 � 0:095 104:5 � 2:6 68.2 2.21

849C-4H-3e 36 39.18 1.369 4.16 4:514 � 0:153 55:6 � 1:6 71.5 2.35

849D-4H-1 26 39.22 1.370 4.06 3:769 � 0:090 106:4 � 2:0 72.5 2.42

849C-4H-3 46 39.28 1.372 4.12 4:914 � 0:192 82:9 � 3:0 69.7 2.32

849D-4H-1 36 39.29 1.372 3.99 3:766 � 0:087 92:0 � 1:6 70.2 2.34

849D-4H-1 46 39.39 1.375 4.14 6:053 � 0:097 50:5 � 0:4 71.3 1.69

849D-4H-1e 66 39.78 1.390 3.68 3:001 � 0:060 125:6 � 1:3 75.3 1.61

849D-4H-1 76 39.9 1.396 3.68 2:885 � 0:077 131:6 � 2:5 80.1 1.44

849D-4H-1 96 40.05 1.404 3.70 2:482 � 0:066 105:9 � 2:4 82.8 1.39

849D-4H-1 106 40.12 1.408 3.74 3:156 � 0:057 106:6 � 1:0 79.4 1.20

849D-4H-1 116 40.21 1.413 4.04 4:657 � 0:100 100 � 1:6 78.4 1.18

849D-4H-1e 126 40.34 1.421 3.92 5:428 � 0:071 93:5 � 0:8 70.0 1.07

849D-4H-1 136 40.48 1.428 3.87 5:398 � 0:100 103:0 � 0:9 72.0 1.22

849D-4H-1e 146 40.6 1.434 3.61 5:505 � 0:084 137:6 � 1:3 77.4 1.57

849D-4H-2 6 40.69 1.438 3.48 4:714 � 0:070 114:6 � 1:2 73.3 1.71

849D-4H-2e 16 40.77 1.441 3.51 5:814 � 0:107 117:5 � 1:5 70.3 1.63

849D-4H-2e 26 40.86 1.444 3.28 2:781 � 0:066 82:9 � 1:5 76.9 1.87

849D-4H-2 36 40.97 1.448 3.46 4:268 � 0:082 88:9 � 1:2 74.5 1.53

849D-4H-2e 46 41.12 1.455 3.53 5:709 � 0:088 59:5 � 0:9 63.2 1.00

849D-4H-2e 56 41.26 1.463 4.15 12:368 � 0:169 98:7 � 1:0 59.6 0.79

849D-4H-2e 66 41.34 1.469 4.25 10:927 � 0:124 91:9 � 0:7 54.9 0.65

849D-4H-2 76 41.4 1.473 3.40 6:503 � 0:136 101:0 � 1:3 61.4 0.70

849D-4H-2 106 41.53 1.483 3.5 6:320 � 0:140 93:0 � 1:7 73.8 0.86

849D-4H-2 116 41.57 1.486 3.41 4:306 � 0:097 137:0 � 2:2 77.2 1.12

849D-4H-2 136 41.75 1.497 4.11 3:156 � 0:069 6:6 � 0:1 72.9 1.32

849D-4H-2 146 41.95 1.504 4.39 2:590 � 0:095 81:9 � 2:6 71.3 1.78

849D-4H-3e 6 42.15 1.510 4.28 5:500 � 0:083 93:4 � 1:0 64.1 1.80

849D-4H-3e 16 42.25 1.514 4.19 5:005 � 0:091 103:6 � 1:4 68.9 1.89

849D-4H-3e 36 42.38 1.518 3.71 2:790 � 0:075 110:8 � 2:0 61.3 1.50

849D-4H-3e 56 42.51 1.523 3.69 3:349 � 0:084 104:5 � 2:0 72.3 1.62

849D-4H-3 76 42.71 1.530 3.91 3:184 � 0:072 67:2 � 1:1 77.9 1.85

849D-4H-3 86 42.85 1.535 4.17 4:190 � 0:085 75:5 � 1:2 73.0 1.89

849D-4H-3 96 43.00 1.540 4.47 5:218 � 0:163 81:8 � 2:4 71.6 2.13

849D-4H-3 106 43.13 1.544 4.23 5:063 � 0:107 87:4 � 1:4 70.3 2.31

849D-4H-3 116 43.24 1.546 4.32 7:211 � 0:166 101:0 � 1:8 67.6 2.27

849D-4H-3e 136 43.39 1.550 4.01 4:724 � 0:070 71:8 � 1:0 72.2 2.33

849D-4H-4e 6 43.52 1.554 3.74 5:888 � 0:125 57:3 � 1:1 76.9 2.13

849D-4H-4 26 43.69 1.560 3.46 3:551 � 0:098 129:1 � 2:8 82.7 2.18

849D-4H-4 36 43.82 1.564 3.66 3:210 � 0:044 121:6 � 1:0 83.3 1.88

849D-4H-4 46 43.97 1.571 3.99 3:022 � 0:049 98:6 � 1:0 77.4 1.54

849D-4H-4 66 44.2 1.582 4.10 5:132 � 0:138 113:1 � 2:7 72.7 1.39

849D-4H-4e 86 44.35 1.588 3.74 13:742 � 0:192 126:6 � 1:0 69.0 1.36

849D-4H-4e 116 44.62 1.599 3.56 5:074 � 0:090 109:2 � 1:3 68.0 1.51

aAge model and d18O data are from Mix et al. (1995).
b3He concentrations are reported in units of cm3 STP per gram of sediment, 3He=4He ratios are normalized to the atmospheric 3He=4He ratio

ðRa ¼ 1:384 � 10�6Þ: Errors are the analytical uncertainties of the mass spectrometric analysis.
cCaCO3 contents were measured by standard coulometric procedures at L-DEO.
dBulk mass accumulation rates (MAR) were calculated by multiplying the linear sedimentation rate (LSR) from the oxygen isotope stratigraphy by

Mix et al. (1995) by the dry bulk density (DBD). A LSR was assigned to each sample as LSR ¼ ½depthðn þ 1Þ � depthðn � 1Þ�=½ageðn þ 1Þ �

ageðn � 1Þ�: DBD were derived from the CaCO3 content data by using the empirical relationship for equatorial Pacific carbonate sediments developed

by Murray and Leinen (1993).
eMarked samples were replicated for helium isotope analysis. In these cases, average values of replicates are reported.
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available, will be essential to improve confidence levels
for the low end of the spectrum. However, as is apparent
from Figs. 1F and 2B, the spectral power in the 3He
accumulation record is clearly dominated by the 41 kyr
obliquity cycle while any lower frequencies are at most
of secondary importance. In particular, the spectral
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Fig. 2. Spectral power (red line) of d18O (A) and 3He accumulation rates (B) were calculated using maximum entropy spectrum analysis. The data

were interpolated to evenly spaced points (5 kyr), the order of the autoregressive process was 10. The 95% significance level (black line) was

calculated from Monte Carlo simulations (5000 runs) of red noise (autoregressive process of order 1) fitted to the data.
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analysis of the 3He accumulation record does not
support a signal at the frequency of the earth’s
inclination ð0:01 cycles kyr�1

¼ 100 kyrÞ:
Consequently, as there is no plausible mechanism to

produce 41 kyr variability in the supply of IDPs to earth,
we conclude that the periodicity seen in the 3He
accumulation rate does not reflect cyclical changes in
the source of IDPs but rather, as reflected in the strong
spectral power at 41 kyr, it derives from climate-related
processes that influence the inferred sediment accumula-
tion rates. Maxima of the 3He accumulation (Fig. 1F)
correspond to periods of continental ice sheet growth
(i.e., increasing d18O), or to peak glacial conditions (max
d18O; Fig. 1B) as well as to minima in the CaCO3

content (Fig. 1C). This relationship is consistent with
that observed in late Pleistocene records in the
equatorial Pacific Ocean (e.g., Marcantonio et al.,
1996). In addition, the amplitude of the oscillations in
the 41 kyr world is comparable to the amplitude
observed in the late Pleistocene. These similarities imply
a common mechanism driving the apparent variability
in 3He accumulation rate throughout the Pleistocene.
4. Conclusions

The lack of significant power at 0:01 cycles kyr�1 in
the accumulation rate of 3He strongly suggests that
there is no 100 kyr periodicity in the accretion rate of
IDPs in the early Pleistocene. This indicates that
changes in the inclination of earth’s orbit do not alter
measurably the supply of IDPs from space. Being a
necessary condition for the inclination hypothesis,
this absence leads us to conclude that inclination-related
changes in the accretion of interplanetary dust are not
the driver of late Pleistocene glacial cycles. Our
finding that apparent cycles of IDP accumulation
during the early Pleistocene (41 kyr cycles) bear a
relationship to global ice volume and to the
CaCO3 content of sediments similar to that seen
in the late Pleistocene (100 kyr cycles) supports this
conclusion.

Whether the apparent 3He accumulation cycles result
from climate-related changes in sediment redistribution
(e.g., Marcantonio et al., 1996, 2001; Higgins et al.,
2002), or from systematic inaccuracies of the d18O-
derived age model potentially introduced by carbonate
dissolution, the accumulation rates of other sedimentary
constituents will be affected similarly. Paleoceano-
graphic studies that rely on such accumulation rates
must take this into account to prevent misinterpreta-
tions of deep-sea sediment fluxes. Future work, includ-
ing studies of independent proxies of sediment
redistribution (e.g., grain size analysis), and modeling
will allow us to determine the exact nature of the
patterns observed.
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