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Abstract: Climate forcing at Milankovitch and sub-Milankovitch frequencies are evaluated by linking climate proxy
data from terrestrial and ocean records at two scales of temporal resolution: (1) relatively coarse resolution over the
last 500 ka, and (2) higher resolution over the last 200 ka. We determine that climate proxy data from Hole 810C rep-
resent regional atmospheric and oceanic processes by comparison to core V21-146, both from the northwest Pacific
Ocean. We then compare records that represent regional deposition from China and the western Pacific Ocean to focus
on determining Milankovitch-type periodicities. Grain-size and magnetic susceptibility data from Hole 810C and Baoji,
China are contrasted using a time-sensitive wavelet analysis. The analyses indicate a general correspondence to
Milankovitch frequencies, although there is no specific frequency that dominates throughout the records. Additionally,
the dominant 100 000 year frequency does not occur at the same time in the records. These factors suggest that differ-
ences in the physical mechanisms of deposition may influence the preserved apparent periodicities in these environ-
ments. Lastly, climate events over the last 200 000 years in marine and terrestrial records are correlated at a high
resolution in the depth domain. The last interglacial–glacial boundary is consistently placed at the base of a cold period
(C20) in the terrestrial and marine records. However, the cold period in the ocean data (δ18O) is very subdued relative
to terrestrial records. Additionally, over the last 200 ka, periods of minimum insolation intensity do not correspond lin-
early to periods of maximum grain-size and ice volume variations revealed in the loess and ocean records, respectively.
However, during the warm interstadials of the last two glaciations, peaks in insolation intensity compare favourably with
the times of strongest pedogenic development in the continental records and minimum ice volume in the ocean records.

Résumé: Le forçage du climat à des fréquences Milankovitch et sous-Milankovitch est évalué en faisant un lien entre
les données indirectes de sources terrestres et océaniques à deux échelles de résolution dans le temps : (1) une résolu-
tion relativement grossière pour les dernières 500 ka, et (2) une plus haute résolution pour les dernières 200 ka. Nous
déterminons que les données indirectes du trou 810C représentent des procédés atmosphériques et océaniques régionaux
par rapport à la carotte V21-146, les deux provenant du nord-ouest de l’océan Pacifique. Nous avons ensuite comparé
les registres qui représentent une déposition régionale en provenance de la Chine et de l’ouest de l’océan Pacifique afin
de se concentrer sur la détermination de fréquences de type Milankovitch. Des données granulométriques et de suscep-
tibilité magnétique provenant du trou 810C et de Baoji, China sont mises en contraste au moyen d’une analyse tempo-
relle des ondelettes. Les analyses indiquent une bonne correspondance générale aux fréquences de Milankovitch, bien
qu’aucune fréquence spécifique ne domine à travers les registres. De plus, la fréquence principale de 100 000 ans ne se
présente pas au même moment dans les registres. Ces facteurs suggèrent que des différences dans les mécanismes phy-
siques de déposition peuvent influencer les périodicités apparentes préservées dans ces environnements. Finalement,
dans le domaine de la profondeur, il y a corrélation à haute résolution entre les registres marins et terrestres des événe-
ments climatiques au cours des derniers 200 000 ans. La dernière limite glaciaire–interglaciaire est constamment placée
à la base d’une période froide (C20) dans les registres marins et terrestres. Toutefois, la période froide dans les don-
nées océaniques (*18O) est très atténuée par rapport aux registres terrestres. De plus, au cours des dernières 200 ka,
des périodes d’intensité minimale d’insolation ne correspondent pas de façon linéaire aux périodes de granulométrie
maximale et de variations des volumes de glace qui sont révélées respectivement dans les registres océaniques et de
loess. Toutefois, au cours des réchauffements interstadiaires des deux dernières glaciations, des sommets dans
l’intensité d’insolation se comparent favorablement avec les temps du plus fort développement pédogénique dans les re-
gistres continentaux et avec le volume minimal de glace dans les registres océaniques.
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A fundamental requirement for understanding global cli-
matic change is to compare and contrast proxy data from di-
verse environments such as terrestrial and deep sea
environments. However, there are few studies that involve
Quaternary ocean and terrestrial proxy climate records be-
cause of the difficulties involved in correlating and compar-
ing these diverse environments. These difficulties include
disparate proxy variables, poor stratigraphic control, and dif-
ferences in thickness between the units. Rarely are the same
proxy data available that would enable a direct comparison
of the magnitude of climatic responses, or the forcing mech-
anisms involved in climate change. Further, there are no dis-
cernible global stratigraphic markers, such as ash layers or
magnetic subchrons, to use as stratigraphic datum. Hence,
correlations that link ocean and terrestrial environments are
largely chronological, and assume linear sedimentation be-
tween control points such as magnetic boundaries or
radiogenically dated samples.

To further our understanding of global climate change and
address the inherent difficulties in ocean-terrestrial research
we present a comparison of oceanic and terrestrial proxy
data at two scales of temporal resolution: (1) relatively
coarse resolution over the last 500 ka, and (2) high resolu-
tion over the last 200 ka. By analyzing the data at two differ-
ent temporal resolutions we can examine climate forcing in
terrestrial and oceanic environments at Milankovitch and
sub-Milankovitch frequencies. We have selected coarse reso-
lution records that meet a relatively rigorous set of criteria:
(1) the ocean and terrestrial proxy climate variables must be
alike, (2) the sites selected in each environment must com-
prise relatively thick strata, with sample strategies that en-
able us to compare records with reasonably similar temporal
resolutions, and (3) we use ocean and terrestrial records that
are interpreted, in part, as recording glacial to interglacial
variations in eolian processes.

In our coarse resolution analysis, we provide evidence of
eolian sedimentation from Ocean Drilling Program (ODP)
Hole 810C (latitude 32°25.40′; longitude 157°50.44′) in the
northwest Pacific Ocean. Data from this site contains, in our
judgement, a very good record of terrigenous sedimentation
and have never been published. Data from 810C are then
compared to V21-146 (latitude 37°41.00′; longitude
163°02.00′), also from the northwest Pacific Ocean, to estab-
lish that these records reflect regional eolian sedimentation.
We then investigate temporal variability of Milankovitch-
type periodicity in the ocean and terrestrial data by perform-
ing wavelet analyses on grain-size and magnetic susceptibil-
ity variations from Hole 810C as well as from Baoji, China.
To our knowledge, this is the first time that a wavelet analy-
sis has been performed on multiple (and similar) records of
proxy data from marine and terrestrial environments. The
Baoji site was selected because it is one of the most studied
and has the most complete records of alternating loess and
paleosols in the Loess Plateau, China. There appears to be
some common ground between the two sites, in that the
eolian material in the western Pacific Ocean has been inter-
preted as sourced from the arid regions of China (Rea 1994).
However, we cannot be certain at this time that the eolian

sediment from Hole 810C is sourced from the Chinese
deserts. In this respect our evaluation is preliminary.

In the high-resolution comparison we correlate records
from the Loess Plateau, China to oceanδ18O records over
the last 200 000 years. We do not use Hole 810C for this
analysis because of the coarse sample resolution, and there
are some indications of bioturbation in the upper few meters
of the ocean record (Storms et al. 1991) Instead we have
chosen records from both the Indian and Pacific oceans be-
cause of the high-resolution sampling strategy, and to show
that our ocean-terrestrial correlations represent a hemispheri-
cal paleoclimate connection. We have also chosen to use
data from Wupu and Yanchang in the Loess Plateau, rather
than the Baoji site. The Wupu and Yanchang records exhibit
thicker units over the last 200 000 years than Baoji, and are
more suitable for a high resolution comparison. We con-
struct an ocean-terrestrial stratigraphic template that should
result in a more consistent determination of high resolution
climate boundaries in these diverse environments and, with
improvements in the resolution of absolute dating, lead to
more precise interpretations of global climate history. We
use the template to examine sub-Milankovitch climate forc-
ing by comparing continental loess records with ocean ice
volume data and the insolation record of Berger and Loutre
(1991).

Coarse resolution analysis

In the coarse resolution analysis, our objectives are three-
fold: (1) examine the terrigenous data from Hole 810C and
determine if the record represents glacial to interglacial vari-
ations in eolian sedimentation; (2) compare the 810C data to
the records from nearby V21-146 (Fig. 1), and determine if
these data represent regional records of eolian sedimenta-
tion, and (3) perform a wavelet analysis on grain-size and
magnetic susceptibility data from Hole 810C and the well-
known Baoji section to determine areas of accord and dis-
cord with respect to the presence of Milankovitch-type fre-
quencies.

Sedimentary records from aseismic rises of the northwest
Pacific Ocean have focussed on studying dust distribution in
marine sediments through time mainly because they (1) are
generally above the calcium carbonate compensation depth
(CCD) in this part of the ocean (Farrell and Prell 1991;
Haug et al. 1995), (2) are located south of ice-rafted sedi-
ments deposited during glacial intervals (Krissek et al. 1985;
Krissek 1995), and (3) lie far from riverine and continental
shelf sources of hemipelagic sediment (Olivarez et al. 1991;
Nakai et al. 1993; Rea 1994; Rea et al. 1985; Weber et al.
1996).

It is generally accepted that Cenozoic fluctuations in
(terrigenous) mineral mass accumulation rates in the north-
west Pacific have resulted from changes in the aridity of
source regions (e.g., the Loess Plateau, China), while
changes in the median grain-size of the mineral particles
have resulted from changes in the energy or strength of at-
mospheric winds (Leinen and Heath 1981; Rea and Janecek
1981, 1982; Janecek and Rea 1983, 1985; Rea 1994). Piston
core V21-146, which was collected in 3968 m of water on
the northern part of Shatsky Rise (Fig. 1; Hovan et al. 1989,
1991), provides the best-available record of fine-grained
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Fig. 1. Map showing the location of ODP Hole 810C and piston core V21–146.

Fig. 2. Location of the Loess Plateau, China and sites mentioned in the text.



terrigenous mineral flux in the northwest Pacific Ocean for
the past~500 000 years. Studies of this core have allowed a
direct comparison of mineral dust transported to the Pacific
Ocean and magnetic susceptibility records of continental
loess deposits from Xifeng, China (Fig. 2; Hovan et al.
1989, 1991; Kukla et al. 1990).

The interpretation of the eolian nature of the mineral re-
cord from piston core V21-146 (see Rea 1994) may be ques-
tioned for three reasons. (1) The core is located below the
mean flow path of the Kuroshio Current Extension at the
northern end of Shatsky Rise. This is a region of high eddy
kinetic energy (Joyce 1987; Schmitz et al. 1987; Koblinsky
et al. 1989; Chao 1994; Hurlburt et al. 1996) which may be
affected by erosion or re-sedimentation (Jacobi and Hayes
1989). (2) Volcanic ash is present in the core. The effect of
small quantities of dispersed volcanic ash and hemipelagic
sediment on the median mineral grain size of samples from
core V21-146 is poorly understood. (3) To our knowledge
there is a lack of published grain-size distributions from this
site (excluding surface samples), and only median grain-size
data are available.

Ocean Drilling Program Hole 810C, located in 2623 m of
water on the southern portion of Shatsky Rise (Fig. 1),
yields evidence of cyclic changes in the fine-grained mineral
fraction of the bulk sediment and carbonate content, with
relatively long periods of deposition during the last 0.5 Ma.
Siliceous microfossils are prevalent in the upper 4.2 m,
where cut and fill structures are evident (Storms et al. 1991)
indicating current winnowing and erosion. Several discrete
ash layers found within the sequence may be correlated to
ash layers identified at other northwest Pacific drill sites
(Natland 1993) and ultimately provide insight into wind
strength fluctuations independent of continental aridity as-
sumptions, such as those typically used in eolian studies of
continental dust (Rea 1994).

Changes in the grain-size distribution of the fine-grained
mineral component in over 150 sediment samples covering
the last 0.5 Ma from Hole 810C are used to (1) establish the
eolian character of this site; (2) determine the influence of
episodic volcanic sedimentary input and (or) the interaction
of ocean currents with the sediment preserved on Shatsky
Rise; and (3) evaluate possible paleoceanographic and
paleoclimatic variations. Terrigenous mineral data from both
Hole 810C and piston core V21-146 are used to evaluate lat-

itudinal changes in the flux of terrigenous minerals and min-
eral grain-size across 6° of latitude between 38°N and 32°N.
To establish age control for these fluctuations, we present an
integrated stratigraphy based on an interpretation of
(1) magnetic polarity reversals, (2) semi-quantitative
nannofossil biostratigraphy, and (3) correlations to the
SPECMAP oxygen isotope timescale (Imbrie et al. 1984)
through comparisons between the carbonate records from
Hole 810C and piston core V21-146.

Methods
ODP Hole 810C provides a record of the mass accumula-

tion of biogenic and mineral sediment (Fig. 3). Carbonate
content was determined from measurements of inorganic
carbon as described in Rack et al. (1993). The mineral com-
ponent of the bulk sediment, including contributions from
both terrigenous and volcanic sources, was isolated by a se-
ries of selective chemical extractions to remove calcium car-
bonate, opaline silica, iron and manganese oxides,
hydroxides, and zeolites (Rea and Janecek 1981; Clemens
and Prell 1990). The material passing through a 63µm sieve
after the completion of the extraction procedure was
weighed to determine the weight percentage of the fine-
grained mineral fraction (<63µm) in the bulk sample (Rack
et al. 1995). A Coulter LS130 laser particle size analyzer
with a fluid module and a PIDS (Polarization Intensity Dif-
ferential Scattering) assembly was used to determine the par-
ticle size distribution of chemically extracted fine-grained
mineral samples using a Fraunhofer-theory optical model
(Coulter 1992). For most intervals, 1 out of 5 carbonate sam-
ples was used to conduct mineral extraction and grain-size
analyses due to financial limitations.

Small amounts of ash can significantly influence the
grain-size distribution (Rea 1994; Rea and Hovan 1995) in
the coarse silt to fine sand range, due to their irregular shape
and vesicularity (Natland 1993), and influence calculations
of the relative degree of sorting. There are many additional
issues related to the choice of methods for sample prepara-
tion and the instrumentation used in grain-size analyses, but
these are well covered by other authors (Konert and
Vandenberghe 1997; McCave and Syvitski 1991; McCave et
al. 1995).

Additional published data from Hole 810C include
(1) non-destructive measurements of whole-core magnetic
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Fig. 3. Summary of Hole 810C to a core depth of 10 m, southern Shatsky Rise, showing the lithologic, paleomagnetic, and physical
properties of the sediment recovered in the upper 10 m.



susceptibility and gamma density (GRAPE and GRA both
refer to measurements of gamma ray attenuation) using sen-
sors mounted on the ODP multi-sensor track (Storms et al.
1991), (2) measurements of paleomagnetism and magnetic
stratigraphy (Sager et al. 1993), and (3) semi-quantitative
calcareous nannofossil and foraminifer abundance (Premoli
Silva et al. 1993). We assume synchronous ages between the
nannofossil datums identified in Hole 810C and those de-
fined for the equatorial Pacific (Raffi et al. 1993; Raffi and
Flores 1995; Shackleton et al. 1995).

Sediment mass accumulation rates (MAR = g@cm–2
@ka–1;

Fig. 4) were calculated as the product of the linear sedimen-
tation rate (LSR = cm@ka–1) and the dry bulk density
(g cm⋅ −3); accumulation rates of carbonate and mineral com-
ponents of the bulk sediment were obtained by multiplying
the bulk MAR and the fractional proportion of each compo-
nent. The dry bulk density of each sample was determined
using a regression of gamma density on discrete volumetric
measurements of dry bulk density. The dry bulk density of
the sediment from Hole 810C is about 2 to 2.5 times higher
than the dry bulk density values determined for core V21-
146, which were estimated from the weight percentage of
dry salt in each sample (Hovan et al. 1991).

The past 500 ka: a comparison between core V21-146
and Hole 810C

The upper 10 m of sediment in Hole 810C are equivalent
to the past 0.5 Ma, based on a detailed correlation of carbon-
ate fluctuations between core V21-146 and Hole 810C

(Fig. 5), a distance of approximately 500 km north–south.
The carbonate and noncarbonate curves match well through-
out the records, with Hole 810C typically showing 30–40%
higher carbonate values. This may be due to the water depth
differences, and therefore carbonate preservation, between
these two sites. The mineral fraction (<63µm) in both re-
cords also exhibit a good correspondence in the zones where
the sample resolution in Hole 810C are highest (e.g., 150–
300 ka).

The carbonate mass accumulation is up to four times
higher in Hole 810C than for core V21-146 within correlated
carbonate intervals (Fig. 4). The mineral mass accumulation
rates are nearly identical at both locations, suggesting that
the mineral flux changes were relatively coherent across 6°
of latitude in this area. The differences in dry bulk density
between these two sites may be interpreted as differences in
the relative abundance of biosiliceous and calcareous
microfossil skeletons and (or) changes in texture and pack-
ing of the sediment. This effect may be strengthened by in-
creased northward carbonate dissolution and (or) the water
depth difference (i.e., 1345 m) between core V21-146 and
Hole 810C, which places core V21-146 just above the cal-
cium compensation depth in this area of the Pacific. There is
little information available on the preservation of
microfossils from core V21-146, but we suspect that they are
more poorly preserved than those from Hole 810C given the
greater water depth.

The median mineral grain size is generally larger and
more variable (Figs. 4, 5) in core V21-146 (to the north)
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Fig. 4. Summary of mass sediment accumulation rates for core V21–146 (dotted line) and Hole 810C (solid line) plotted on the V21-
146 time scale. LSR, linear sedimentation rate; DBD, dry bulk density; MAR, mass accumulation rate; CAR, carbonate accumulation
rate; NCAR, noncarbonate accumulation rate; and Mineral MAR, mineral mass accumulation rate.



than in representative intervals from Hole 810C. However,
slightly different methods of analysis and sample prepara-
tion were used to determine the median grain size from core
samples. Hovan et al. (1989, 1991) passed their samples
though a 38µm diameter sieve and set the Coulter Counter
to measure the 1–30µm fraction. Note that the <1µm frac-
tion was not measured in core V21-146, while that fraction
is included in the Hole 810C data. To examine the affect of
the different method of analysis on median grain size, we
calculated both the median grain-size of the entire popula-
tion in Hole 810C and the median size of only those grains
below 31µm. We obtained similar results in both sets of
data, indicating that the different methods may not have a
significant affect on the derivation of median grain size. The
average of the median mineral grain size in the upper 10 m
(~500 ka) of Hole 810C is about 3.8 ± 0.4µm, with signifi-
cant coarsening to about 5–7µm during inferred glacial
stages (Figs. 5, 6).

A slightly higher ash content in the fine-grained sediment
of core V21-146 relative to the corresponding intervals from

Hole 810C could be responsible for the larger median grain
size. Alternatively, sediment from core V21-146 may exhibit
a slightly more hemipelagic character than Hole 810C sedi-
ment. Shatsky Rise lies between the hemipelagic and eolian
zones described by Rea and Hovan (1995) who used core
top samples from all across the North Pacific to construct
these zones.

The particle size distribution of selected samples from
Hole 810C is shown for the interval 0–8.05 m (Figs. 6A, 6B,
6C, 6D). The histograms show that the samples are poorly
sorted according to the definition of Folk (1974). This poor
sorting may support either of the previous two explanations
for the presence of silt size modes, both of which may be
linked to changes in the vigor of atmospheric and (or) ocean
circulation. We do not have data from V21-146 to make a
comparison of sorting. Pumice grains, ash layers, and inter-
vals of dispersed ash have been identified in Hole 810C by
Natland (1993). We can identify six of these ashes by their
characteristic grain-size distribution (Fig. 6E). The coarse
silt mode and skewed distribution of the ash samples are
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Fig. 5. Comparison between Hole 810C and piston core V21-146 based on the correlation of calcium carbonate records from the two
sites (solid lines, Hole 810C; dotted lines, core V21-146), and plotted on the core V21-146 timescale (left, modified from Hovan et al.
1991), which is coherent with the ages assigned to SPECMAP marine oxygen isotope stages (Imbrie et al. 1984).



similar to the secondary modes seen in many of the other
sample grain-size distributions, suggesting the presence of
ash in these samples. Several large tephra eruptions are
known to have occurred in southern Japan during the late
Quaternary. These include, the 6 300 BP Kikai–Akahoya
(K–Ah) tephra, the 22 000–25 000 BP Aira–Tanzawa (AT)
tephra, the 70 000–90 000 BP Aso–4 tephra, and the
75 000–95 000 BP Kikai–Tozurahara (K–Tz) tephra (Furuta
et al. 1986; Machida and Arai 1976, 1978, 1983, 1988).
Without microscopic visual observations, or geochemical
partitioning of end members in these samples, an assumed a
mixture of ash and dust is the most likely interpretation of
our results, given the proximity of volcanic arcs located to
the west and northwest of Shatsky Rise.

Wavelet analysis
Information on temporal variability in the records is ex-

tracted through a wavelet analysis. This analysis is similar in
principal to a Fourier analysis and can extract periodicity in-
formation from a time series. Unlike Fourier analysis, how-
ever, it reveals periodicity as a function of time. This added
feature arises from the localized nature of the Morlet wave-
let; in contrast, the sine and cosine functions used in Fourier
analysis are not localized and therefore cannot be used to
determine when a particular periodicity occurs in a given
time series. In the following figures, two sloping lines have
been plotted on the wavelet power spectrum. The analysis is
valid between these two lines; darker shades indicate more
power. To perform the analyses, irregularly spaced data from
the last 500 ka are interpolated to an evenly spaced time se-
ries through a cubic spline interpolation.

Wavelet analyses of the marine susceptibility and grain-
size data (Figs. 7, 8) indicate significant power at a period of
approximately 35 ka between 100–250 ka. The ~120 ka
maximum in the susceptibility data is not seen in the grain-
size record; rather, two maxima at ~160 ka and ~64 ka are
indicated in the grain-size data. A relatively strong ~10 ka
signal at approximately 220 ka is apparent in the susceptibil-
ity data and, to a lesser extent, in the grain-size data.

The analysis of the last 500 ka of the Baoji susceptibility
data (Fig. 9) indicates a ~100 ka peak over the last 250 000
years. Prior to this a ~90 ka period is dominant. There is
also significant power at period of ~41 ka throughout much
of the record. The Baoji grain-size data indicate power at a
~120 ka period between 200 ka and 500 ka (Fig. 10). The
dominant signal, however, is a ~15 ka period that occurs
throughout most of the record.

The periodicities in these four records demonstrate a com-
plex temporal structure. Some records indicate strong power
at a particular frequency while others do not. The Baoji
grain-size data, for example, demonstrates virtually no sig-
nal at the ~41 ka period, in contrast to the susceptibility data
where power at this period is prominent. The marine grain-
size data indicate a strong 160 ka period from about 150–
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Fig. 6. (A to D) Histograms of the grain-size distribution from
the upper 8.05 m of Hole 810C. Each plot shows the resulting
particle size distributions from 20 individual samples. (E) Grain-
size distribution of volcanic ash samples showing a skewed parti-
cle size distribution and a medium to coarse silt mode. Phi 4 =
62.5µm; phi 8 = 3.9µm; phi 12 = 0.24µm.
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Fig. 7. (A) Time series of actual magnetic susceptibility data (solid points) and interpolated data (open points) from Hole 810C in the
Northwestern Pacific Ocean, (B) Wavelet analysis power spectrum. Darker shading indicates more power at that period.
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Fig. 8. (A) Time series of actual grain-size data (solid points) and interpolated data (open points) from Hole 810C in the Northwestern
Pacific Ocean. (B) Wavelet analysis power spectrum from Hole 810C. Darker shading indicates more power at that period.
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Fig. 9. (A) Time series of actual magnetic susceptibility data (solid points) and interpolated data (open points) from Baoji in the Loess
Plateau, China. (B) Wavelet analysis power spectrum from Baoji. Darker shading indicates more power at that period.
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Fig. 10. (A) Time series of actual grain-size data (solid points) and interpolated data (open points) from Baoji in the Loess Plateau,
China. (B) Wavelet analysis power spectrum from Baoji. Darker shading indicates more power at that period.



350 ka. The marine susceptibility and the terrestrial grain-
size both indicate strong 120 ka signals from about 200–
350 ka and 100–450 ka, respectively.

Periodicities approaching the Earth’s orbital parameters
appear most clearly in the terrestrial susceptibility data
(Fig. 9), but they are nevertheless only a part of the entire
spectrum. A visual inspection of the Baoji susceptibility
time series (Fig. 9A) shows that there are no time intervals
where the variability is strictly periodic, so the 100 ka signal
is in some sense a "best fit" rather than an indication of or-
bital forcing. The same can be said for the ~41 ka signal in
the record.

High resolution records

Ocean–terrestrial correlations are normally done in the
time domain because of the large differences in thickness
between these environments. The time scale is, in part, de-
termined by assuming linear sedimentation between control
points (Imbrie et al. 1984). In contrast, our comparison of
terrestrial and oceanic records use depth scales, similar to
Prell et al. 1986, to avoid the assumption of linear sedimen-
tation between temporal control points. However, the data
are set within a temporal framework in a manner similar to
Imbrie et al. (1984). Our strategy is to search for warm peri-
ods within a glacial interval that have a long enough time
span, and show sufficient warming, to be recognizable
within the resolution of the data in all environments. In this
manner the warm periods are regarded as high resolution
climostratigraphic markers, or control points.

We have chosen to correlate high-resolution records that
are not only derived from diverse environments, but that also
span a large latitude of the northern hemisphere. In this
manner, areas of accord and disaccord between the records
may be become apparent. We first compare our mid-latitude
loess records with the relatively high-latitude GISP2 Green-
land ice core. The Greenland ice cores are a climate proxy
standard that have been used to compare interpretations from
other proxy data. We use the ice-core data to validate the cli-
matic interpretations from mid-latitude loess records. After
establishing that the loess and ice-core records reflect hemi-
spherical climate change, we then compare loess records to
high resolution tropical ocean proxy data to examine the
consistency of glacial–interglacial boundaries between these
environments, and further our understanding of climate forc-
ing relationships.

Methods
Grain size and magnetic susceptibility were determined

on loess and paleosol samples from Wupu and Yanchang in
the central Loess Plateau (Fig. 2). Samples were taken every
10 cm loess beds and 5 cm in paleosols. Since paleosols are
thinner than loess beds, the smaller sample interval in S1 re-
flects an increase in the temporal resolution within the
paleosol. Bulk magnetic susceptibility and grain size was de-
termined on each sample. Grain-size analysis was performed
on a PRO-700 SK Laser Micron Sizer. An analysis of 20
replicate samples indicated a precision of 3.5%. Organic ma-
terial, pedogenic iron, and carbonate were removed prior to
grain-size analyses. Bulk magnetic susceptibility was deter-
mined using a Bartington MS II susceptibility meter. Sus-

ceptibility values represent one reading on an approximately
50 g bagged sample. The values are presented as carbonate-
free by calibrating each sample to the amount of carbonate
present. The formula A2 = A1(100/100 wt.% C) was used to
calibrate the samples, where A1 and A2 are the measured
and resultant magnetic susceptibility, respectively, and C is
the wt.% carbonate. Paleosols in the Loess Plateau have a
high susceptibility and are largely carbonate free (Liu et al.
1985), so the calibration results in little change in the
paleosols. Our loess samples contain a maximum of 10–15
wt.% carbonate; however, loess susceptibility is low in the
northern Loess Plateau, relative to soils (Liu et al. 1985), so
the magnitude of the change is relatively small.

China and Greenland
Grain-size and magnetic susceptibility variations from the

Loess Plateau are proxies for variations in winter and sum-
mer monsoon intensity, respectively, (Liu et al. 1985). The
resolution of loess-paleosol records from the Chinese Loess
Plateau is much higher during glacial periods than intergla-
cial periods (Liu et al. 1985); hence we concentrate our ef-
forts on glacial periods. A temporal framework for the last
200 000 years (Figs. 11, 12) has been determined by Berger
and Loutre (1991), who noted the presence of positive
(warm) and negative (cold) shifts relative to the AD 1950 in-
solation value at 65°N latitude.

Chinese loess-paleosol records have previously been com-
pared to Greenland ice cores (Porter and An 1995, Chen et
al. 1997, Rutter et al. 1997), so we can contrast our interpre-
tations with previous work and determine the regional (or lo-
cal) nature of proxy climate signals from the Loess Plateau.
Firstly, we compare loess records from China (Fig. 11), dur-
ing MIS 2–4, with the GISP2 2 mδ18O profile (Grootes et
al. 1993; Meese et al. 1994; Stuiver et al. 1995) and estab-
lish a climostratigraphic framework using the Emiliani
(1955) concept of oxygen isotope stages, and the Berger and
Loutre (1991) insolation record. Although climostratigraphy
does not necessarily reflect chronostratigraphy (North Amer-
ican Stratigraphic Code 1983), we use major glacial–
interglacial boundaries (e.g., MIS 6–5 and 2–1) as temporal
control points, in a manner similar to Imbrie et al. (1984). It
is important in this comparison that the resolution of the re-
cords are reasonably similar. The resolution of the L1 loess
is about 575 years per sample, while the resolution of the
GISP2 2 m profile is about 30–40 years at the MIS 1–2
boundary and increases to about 300 years at the MIS 5–4
boundary. Although the resolutions are not the same, this is
the best data available.

Loess L1 at Wupu and Yanchang (Fig. 11) is subdivided
from bottom to top into L1–5 through L1–1, representing
three loess intervals (L1–5, L1–3, and L1–1) and two
weakly developed paleosols (L1–4, L1–2). This subdivision
is regionally consistent in the central Loess Plateau (Sun and
Ding 1998). A correlation between oceanicδ18O and loess-
paleosol records (Liu et al. 1985; Kukla 1987; Ding et al.
1991) suggests that marine oxygen isotope stages (MIS) 2, 4
and 6 correspond to loess subhorizons L1–1, L1–5, and L2
respectively, MIS 3 corresponds to L1–2, L1–3, and L–1–4;
and Paleosols S0, S1, and S2 correspond to MIS 1, 5, and 7,
respectively. In this report the nomenclature system utilized
by McManus et al. (1994; see also Johnsen et al. 1992) is

© 2000 NRC Canada

842 Can. J. Earth Sci. Vol. 37, 2000



©
2

0
0

0
N

R
C

C
a

n
a

d
a

R
ack

et
al.

843

Fig. 11. Comparison of proxy climate records from China and Greenland with the insolation record of Berger and Loutre (1991). The Berger and Loutre (1991) insolation
values are calculated relative to the AD 1950 value of 427 W@m–2.



employed to identify interstadials (IS), and cold periods (C;
e.g., stadials) within the last interglacial–glacial cycle.

At Wupu the last interglacial–glacial contact (S1–L1) is
marked by a distinct increase in grain-size reflecting a
change from a lower to higher wind strength toward the last
glaciation (Rutter et al. 1995, 1997). Immediately above the
S1–L1 contact are two peaks in grain-size (Fig. 11), alternat-
ing with two periods of decreased grain-size reflecting lower
wind strength during relatively warm periods. The equiva-
lent interval at Yanchang is more subdued because Yanchang
is about 100 km downwind of Wupu. Similar observations of
the presence of these warm–cold alternations have been
made in the Loess Plateau by Porter and An (1995,
Luochuan), Chen at al. (1997, Linxia), and Rutter et al.
(1997, Ding Bien). Hence the warm and cold oscillations
that mark the beginning of the last glaciation (MIS 2–4) are
regionally consistent in the Loess Plateau.

In the Greenland record the last interglacial–glacial con-
tact occurs at the base of a cold period (C20) in theδ18O re-
cord. Similar to the loess records, two cold (C20, C19) and
warm (IS20, IS19) oscillations, each lasting a few thousand
years (Fig. 11), mark the beginning of the last glaciation.
However, matching the base of cold period C20 to the MIS
5–4 boundary may be controversial in other environments.
McManus et al. (1994) correlate high-resolution records of
foraminiferal assemblages and ice-rafted detritus (IRD) from
two North Atlantic cores (V29-191 and DSDP 609) with the
GRIP ice-core (Dansgaard et al. 1993) and clearly place the

last interglacial–glacial boundary at the top of IS 19. The
cold periods, C19 and C20, appear as very subdued re-
sponses in the oceanic data sets, and are interpreted to have
occurred during the last interglacial.

In addition, Kukla et al. (1997) correlate IRD,δ18O, and
benthic foraminiferal records from V29-191 to the Grande
Pile pollen record and again place the last interglacial–
glacial boundary (MIS 5–4) at the top of IS 19 (a.k.a. W19
in Kukla et al. 1997). Relative to the Grande Pile record, the
last interglacial–glacial boundary is placed about 30–40 cm
above the base of a stadial that is marked by an increase in
steppe vegetation (Kukla et al. 1997). In our loess records
the interglacial–glacial boundary appears to correlate to the
top of the St Germaine II interstadial, about 80–90 cm (us-
ing the Grande Pile depth scale) below the MIS 5–4 bound-
ary defined by Kukla et al. (1997). Similar to the McManus
(1994) reconstruction, Kukla et al. (1997) place the MIS 5–4
contact at the top of IS 19 because of the marked increase in
Neogloboquadrina pachyderma sinstralabove this level, and
the subdued response of the aforementioned two cold peri-
ods in the V29-191δ18O data. There is clearly some diffi-
culty in correlating the MIS 5–4 boundary between tropical
marine and mid-latitude terrestrial records and, perhaps not
surprisingly, our terrestrial records seem to concur with the
Grande Pile and GISP2δ18O data.

Within MIS 4, the general increase inδ18O in the GISP2
record reflects climatic warming, while the Chinese profiles
show a decrease in grain-size reflecting lower wind strength.
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The warming culminates in paleosol L1–4 in China and IS
14 in the GISP2 data (Grootes et al. 1993). Both L1–4 and
IS 14 are responding to a summer insolation maximum iden-
tified by Berger and Loutre (1991) at about 56 ka. From the
top of L1–4 a steady increase in grain-size occurs to about
the top of L1–1 (MIS 2). The latter trend is marked by dis-
tinct variability in GS (especially at Wupu) in L1–3, which
has a reasonably close correspondence to variations in the
Greenland core. The base of MIS 2 is identified in our loess
records by a weakly developed paleosol (L1–2). Our correla-
tion between China and the GISP2 core equates L1–2 to IS
8, a correlation that is consistent with the other comparisons
(Porter and An 1995; Chen et al. 1997; Rutter et al. 1997).
However, the climostratigraphic correlation of L1–2 to IS 8
may be chronstratigraphically problematic. The midpoint of
the warm period in the GISP2 and GRIP ice cores (about 37
ka and 34 ka, respectively; see Fig. 11; and see also Fig. 3 in
Bond and Lotti 1995) precedes the insolation maximum
identified by Berger and Loutre (1991) at 33 ka.

Comparing high-resolution loess records from China
and the Indian and Pacific Oceans

Having established a reasonably reliable correlation to
GISP2, we take a similar approach to correlating from China
to the deep sea records, in that we search for warm periods
within the glacials (e.g., L1–2 and L1–4, and IS 8 and IS 14,
respectively) that are reasonably well expressed due to a rel-
atively long time span and (or) magnitude of the warming.
Grain-size and susceptibility profiles at Wupu and Yanchang
are compared toδ18O records from the Maldives Ridge (core
MD900963; latitude 05°03.30′N; longitude 73°52.60′E) of
the tropical Indian Ocean (Bassinot et al. 1994), and ODP
677 in the eastern equatorial Pacific Ocean (Shackleton et al.
1990; Shackleton 1996; ~latitude 1°12′N, longitude
83°44′E). Ocean core samples were taken approximately ev-
ery 10 cm in ODP 677, and MD900963, resulting in a reso-
lution of about 2 ka per sample.

In Fig. 12 we correlate using depth scales at each location
(excluding the insolation record) to avoid the influence of
age models that assume linear sedimentation rates. The as-
sumption of linear sedimentation rates in high-resolution
(i.e., a few thousand years per sample) terrestrial records is
tenuous. For example, in the Loess Plateau sedimentation
rates are higher during cold periods than warmer periods
(Rutter et al. 1995). A brief examination of the thickness and
time spans of the last two glacials and the last interglacial in
oceanic records (all of which have nearly the same time span
of about 60 ka; see Martinson et al. 1987) shows that the as-
sumption of linear sedimentation rates is also tenuous, but
perhaps less so than in terrestrial records.

In the loess records, the pedostratigraphy of L2 is similar
to L1, in that L2 consists of three loess strata intercalated
with two paleosols. The lower paleosols within L1 and L2
(L1–4 and L2–4) exhibit relatively better developed
pedogenic features than the upper paleosols (L1–2 and
L2 2− ) based on field observations. Similarly, the Berger and
Loutre (1991) record identifies more intense insolation dur-
ing the development of the lower soils. In addition, the
ocean records consistently display lower ice volumes during
the time of stronger pedogenic development (L2–4 and

L1 4− ). Therefore, within the last two glaciations the rela-
tionship between insolation intensity, ice volume variations,
and pedogenic development is quite consistent. Periods of
maximum intensity correspond to minimums in ice volume
and stronger paleosol development. We will now examine if
this relationship is consistent during cold periods of the last
two glaciations.

Within L2 the peak grain size in the three loess beds
coarsens upward to a maximum in L2–1. Similarly, the
oceanδ18O records display increasing ice volumes to the top
of MIS 6. The insolation profile displays three periods of
minimum intensity during MIS 6 (185 ka, 160 ka, and
137 ka) corresponding to the three periods of increased
grain-size and increased ice volumes in the loess and ocean
records, respectively. However, the insolation profile shows
that the lowest intensity occurs at about 185 ka near the base
of MIS 6, while grain size and ice volume are highest near
the top of MIS 6. This situation also occurs during the last
glaciation (L1 = MIS 2–4). The ocean and loess records
show that ice volume and grain size, respectively, are higher
during MIS 2 (L1–1) than stage 4 (L1–5). However, insola-
tion intensity is lower during MIS 4 than MIS 2. Hence, dur-
ing the last two glaciations (MIS 6 and MIS 2–4) the
minimums in insolation intensity to do not correspond lin-
early to periods of maximum grain-size and ice volume vari-
ations.

The last interglacial–glacial boundary (MIS 5–4) is diffi-
cult to determine in the ocean records. The key concept is to
determine the presence of IS 19 and IS 20. We have sug-
gested correlations, but recognize that the indetermination is
problematic given the lower resolution of the available ocean
data. Prell et al. (1986) used a graphical correlation method
on ocean records to determine isotopic events that may be
consistently recognized on a global scale. Similar to our
method the authors correlated in the depth domain rather
than the time domain. Within MIS 3, Prell et al. (1986) no-
ticed the presence of warm periods (MIS 3.1 and 3.3) that
we suggest correspond to L1–2 and L1–4 (and IS 8 and IS
14), respectively, in the terrestrial records. This correlation
represents a consistent determination of high-resolution cli-
mate events between ocean, terrestrial, and ice-core environ-
ments.

Conclusions

We have compared and contrasted terrestrial and ocean
proxy data over two different scales of resolutions to further
our understanding of global climate history. Examining the
records at two different resolutions allows us to focus on
comparing Milankovitch and sub-Milankovitch climate forc-
ing mechanisms in both environments. We have constructed
our research in such a manner as to highlight the areas of ac-
cord and discord in the records. Specifically, our conclusions
are as follows.

The close correspondence of the variations in the carbon-
ate and mineral fractions in Hole 810C and core V21-146
suggest that the records reflect a regional influence in atmo-
spheric and oceanic processes. The sediment mass accumu-
lation rates (MAR) from Hole 810C and core V21-146
match very well throughout the last 500 ka, corroborating
the potential of mass accumulation rates as a signal of
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source area aridity. Volcanic ash skews the mineral grain-
size results and makes interpretations of relative wind
strength from Asian source areas more difficult. However,
the ash beds hold significant promise as regional strati-
graphic markers, and indicators of wind direction and
strength, independent of continental aridity assumptions.

Proxy climate records that represent regional deposition
from China and the western Pacific Ocean are then com-
pared to determine the presence of Milankovitch-type perio-
dicities. We believe that this is the first time that a wavelet
analysis has been performed on multiple (and similar) re-
cords of proxy data from marine and terrestrial environ-
ments. The comparison of terrestrial and marine grain-size
and magnetic susceptibility records indicate that dominant
periods in one record may not be significant in another. Ad-
ditionally, periods that are dominant in one record, may be
dominant in another record at a different time. These factors
point to the complexity of the deposition environments and
to differences in the physical mechanisms through which de-
position occurs in marine and terrestrial environment.

In the high-resolution records, we use depth scales, set
within a temporal framework, to determine consistent, high-
resolution climate boundaries. Correlations are made be-
tween a relatively high-latitude cryospheric environment to a
mid-latitude terrestrial environment to a low-latitude oceanic
environment. Our comparison certainly attests to the diffi-
culty in determining globally consistent high-resolution cli-
mate boundaries in diverse environments.

The base of the last glaciation (L1) in the loess records
corresponds to the base of a cold period (C20) in the Green-
land GISP2δ18O record, and to the top of the St Germaine II
interstadial in the Grande Pile pollen data. In the tropical
oceanδ18O data (e.g., V29-191) cold periods C20 and C19
are low amplitude responses relative to the other environ-
ments. Paleosols L1–4 and L1–2 in China correspond to
warm periods IS 14 and 8 in the Greenland ice core, and to
OIS 3.3 and 3.1 in the ocean core respectively, and form the
basis for consistently determining the lower and upper
boundaries of OIS 3.

Within the last two glaciations (MIS 6 and MIS 2–4) the
periods of minimum insolation intensity do not correspond
linearly to periods of maximum grain-size and ice volume
variations in the loess and ocean records, respectively. How-
ever, during the warm interstadials of the last two
glaciations, peaks in insolation intensity compare favourably
with the times of strongest pedogenic development and min-
imum ice volume.
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