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ABSTRACT

Intensification of North Pacific Intermediate Water during the Younger Dryas and stadials of the last glacial episode has
been advocated by Kennett and his colleagues based on studies of ventilation history in Santa Barbara Basin. Because Santa
Barbara Basin is a semi-isolated marginal basin, this hypothesis requires testing in sequences on the upper continental margin
facing the open-ocean of the Pacific.

Ocean Drilling Program Site 1017 is located on the upper slope of southern California off Point Conception close to the
entrance of Santa Barbara Basin, an ideal location to test the hypothesis of late Quaternary switching in intermediate waters.
We examined chemical and mineral composition, sedimentary structures, and grain size of hemipelagic sediments representing
the last 80 k.y. at this site to detect changes in behavior of intermediate waters. We describe distinct compositional and textual
variations that appear to reflect changes in grain size in response to flow velocity fluctuations of bottom waters. Qualitative
estimates of changes in degree of pyritization indicate better ventilation of bottom water during intervals of stronger bottom-
water flow. Comparison between variations in the sediment parameters and the planktonic δ18O record indicates intensified bot-
tom-current activity during the Younger Dryas and stadials of marine isotope Stage 3. This result strongly supports the hypoth-
esis of Kennett and his colleagues.

Our investigation also suggests strong grain-size control on organic carbon content (and to less extent carbonate carbon
content). This, in turn, suggests the possibility that organic carbon content of sediments, which is commonly used as an indica-
tor of surface productivity, can be influenced by bottom currents.
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INTRODUCTION

The California margin is marked by strong coastal upwelling and
consequent development of intense oxygen-minimum zone (OMZ).
The strength and width of OMZ is controlled not only by intensity of
upwelling but by concentration of dissolved O2 and lateral advection
of intermediate water. At present, upwelling is most intense between
33° and 44°N, the position and intensity of which is sensitive to the
pattern of atmospheric circulation over the California margin. A sig-
nificantly different situation almost certainly prevailed during the last
glacial episode (Lyle et al., 1992). At present, warm, nutrient-rich,
and O2-poor intermediate water (California Undercurrent) from the
south continues as far north as Vancouver Island (~50°N) with the
northernmost extent of this influence controlled by the position of the
West Wind Drift (Hickey, 1979). But probable influence of North
Pacific Intermediate Water (NPIW) at the depth of OMZ today is also
suggested, and possible intensification of NPIW during the last gla-
cial episode is widely discussed (van Green et al., 1996; Lund and
Mix, 1998; Gardner et al., 1997; Keigwin, 1998). Thus, changes in
both atmospheric circulation pattern and source and intensity of in-
termediate waters should have strong influence on the OMZ.

In their studies of Santa Barbara Basin during the last glacial epi-
sode, Kennett and Ingram (1995) and Behl and Kennett (1996) rec-
ognized changes of bottom-water oxygenation level in association
with millennial-scale climatic cycles known as Dansgaard-Oeschger
cycles (e.g., Dansgaard et al., 1993). They attributed these changes to
switching of the intermediate-water sources between the south and
the north. If true, this is a good evidence that the intermediate-water
circulation cell, independent of the deep-water conveyor belt driven
by North Atlantic Deep Water, was intensified and expanded in
North Pacific during stadials of the last glacial episode (Gonopolski
et al., 1998). This further suggests that such waxing and waning of
NPIW occurred in association with Dansgaard-Oeschger cycles.
However, it has not yet been confirmed whether bottom-water condi-
tions of Santa Barbara Basin faithfully reflect those of the intermedi-
ate water flowing along the California margin. To test this hypothe-
sis, we planned a cooperative high-resolution multiparameter study at
Ocean Drilling Program (ODP) Site 1017 located on the upper slope
facing to open northeastern Pacific near the entrance of Santa Barbara
Basin. This paper reports a part of the result from this cooperative
study. Parameters examined in associated papers include δ18O and
δ13C of planktonic and benthic foraminifers, δ13C and δ15N of organic
matter, redox-sensitive minor elements, and biomarkers (Kennett et
al., Chap. 21, this volume; Irino and Pedersen, Chap. 23, this volume;
Ishiwatari et al., Chap. 24, this volume; Behl et al., Chap. 22, this vol-
ume; Ostertag-Henning and Stax, Chap. 26, this volume). The syn-
thesis of these results will be presented elsewhere.

In this study, we aim to test the possibility of the changes in flow
direction and intensity of the intermediate waters through examina-
tion of detrital provenance and sedimentary structures in conjunction
with detrital grain size, respectively. 

STUDIED SITE

The studied site, ODP Site 1017 (34°32′N, 121°6′W, water depth
= 955.6 m), is located ~60 km to the west of Point Conception, on the
upper part of the continental slope called the Santa Lucia Slope (Fig.
1). The Santa Lucia Slope faces southwest with its shallow end
bounded by the Santa Lucia Bank. According to Hickey (1979), the
present surface water at the site is under the influence of the Califor-
nia Current from the north and a northward branch of the Southern
California Countercurrent from the southeast. The latter is continu-
ous with the Davidson Current flowing from the south during winter
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when there is no upwelling. The present bottom water at this site is
probably under the influence of California Undercurrent from the
south, which is marked by high temperature, salinity, and phosphate,
and low dissolved oxygen (Hickey, 1979). The core depth of the Cal-
ifornia Undercurrent off Point Conception is 200–300 m, but can be
deeper than 500 m during spring (Hickey, 1979). Its flow speed is
generally slow (<10 cm/s), but a maximum speed sometimes exceeds
22 cm/s. It is also possible that the bottom water is influenced by
NPIW as discussed by van Green et al. (1996). The site is located
within the lower part of present OMZ. This position is ideal to mon-
itor changes in intensity and/or depth of the OMZ through time. The
site is also close (~70 km northwest) to the entrance of Santa Barbara
Basin, an ideal location to test the hypothesis that bottom-water oxy-
genation of Santa Barbara Basin has been driven by changes in inter-
mediate water source in the North Pacific (Kennett and Ingram, 1995;
Behl and Kennett, 1996).

STUDIED CORES AND AGES

Core Gap Estimation and Depth Correction

Cores 167-1017E-1H through 3H, which cover the top 24.9 m of
the sediments, are dedicated for high-resolution study of late Quater-
nary paleoceanography of the California margin, and the top two of
these are analyzed in this study. Recovery of the three cores was ex-
cellent, exceeding 100%. Immediately after cutting the cores into
sections, the sections were tightly sealed and stored at –15°C for
three months before sampling at Texas A&M University (TAMU).
Correlation of gamma-ray attenuation porosity evaluator (GRAPE)
and color profiles at Hole 1017E with those of other holes in conjunc-
tion with correlation of marker sand layers based on visual core de-
scriptions (VCDs) was conducted to identify potential sediment loss
at the core top and core gaps. Correlation with the other four holes
suggests no significant sediment loss at the top of Core 167-1017E-
1H. Details of core gap estimation and correction of meter below sea-
floor (mbsf) depths are described in Kennett et al. (Chap. 21, this vol-
ume).

Core Lithology
Visual Core Description

Lithology of the studied cores were described based on visual in-
spection at TAMU, where cores were split and sampled, supplemented
by smear-slide observation afterwards. The studied cores are com-
posed of grayish olive (5Y 4/2 to 4/3), homogeneous hemipelagic
clayey silt to silty clay with occasional intercalations of grayish olive
(5Y 3/1) medium- to fine-grained sand layers (Fig. 2). Burrows are
difficult to identify visually except open burrows of 0.5–1 cm in diam-
eter, which are present in the upper 1.5 m. Carbonaceous plant remains
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Figure 1. A map showing the locations of the studied 
site and related sites referred to in the text. Also sche-
matically shown are present surface and subsurface 
current systems around this site.
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occur at 2.3, 5.25, 10.4–11.2, 12.3–12.5, 13.4, and 13.9–14.0 mbsf,
and shell fragments occur at 7.4 mbsf.

Sand layers are 1–3 cm thick, except one layer at 14.75 mbsf,
which is 10 cm thick. Sand layers generally have sharp basal con-
tacts, show normal size grading, and contain reworked microfossils
and shell fragments, suggesting their turbidite origin. These sand lay-
ers are concentrated in two intervals. One is between 3.2 and 5.0 mbsf
and the other is between 13.9 and 14.7 mbsf (Fig. 2), corresponding
to marine isotope Stages (MIS) 2 and 4, respectively. Sand layers in
MIS 2 generally contain bioclasts including foraminiferal skeletons.
A sand layer at 5.07 mbsf is especially enriched in zircon, spinel, and
other heavy minerals. On the other hand, a thick sand layer at 14.75
mbsf is characterized by abundant glauconite grains.

X-Ray Radiography

X-ray radiographs of the slab samples were taken using SOFTEX
CMB-2 at voltage of 40 kV, current of 20 mA, and exposure time of
240 s to observe detailed sedimentary structures and fabrics. On X-
ray radiographs, several types of burrows are recognized. Chon-
drites-like burrows that are ~1 mm in diameter, filled with less dense
material (lighter color on X-ray radiographs), are heavily condensed
to form a 1–10 cm thick zone (Fig. 3A). These Chondrites-like bur-
row zones are abundant in an interval between 0 and 1.0 mbsf, com-
mon in intervals between 1.0 and 2.0 mbsf and 4.0 and 5.3 mbsf, and
also present at 11.6 mbsf (Fig. 2). Larger burrows that are as large as
1 cm in diameter and subparallel or oblique to stratification are also
recognized occasionally (Fig. 3B) and schematically illustrated in the
lithologic columns in Figure 2. These larger burrows occur in inter-
vals between 0.0 and 2.8 mbsf, 7.9 and 10.3 mbsf, 11.6 and 12.5
mbsf, 13.4 and 13.6 mbsf, and 14.9 and 15.1 mbsf.

Other than these burrow intervals, clayey silt and silty clay show
homogeneous to slightly mottled appearance on X-ray radiographs
that may reflect intense bioturbation. These homogeneous to slightly
mottled clayey silt to silty clay are further subdivided into three types
based on their textures on X-ray radiographs. The first type includes
those with abundant opaque filaments of less than 1 mm thick and as
much as 3 cm long, which are oblique to stratification (Fig. 3C). Ex-
amination of the corresponding slab samples suggests that these fila-
ments are composed of aggregates of framboidal pyrite. The matrix
of this type generally shows transparent appearance on X-ray radio-
graphs. The second type includes those with abundant disseminated
submillimeter-size opaque particles, also considered to be framboidal
pyrite (Fig. 3D). The matrix of this type exhibits a dusty appearance
compared to the first type. The third type includes those without a
significant amount of opaque particles or filaments, and its matrix is
dusty compared to the first type (Fig. 3E). The first and second types
alternate with the third type in decimeter scale below 1.5 mbsf.

The submillimeter-scale distinct parallel lamination characteris-
tic of varves is not recognized on X-ray radiographs examined. How-
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ever, millimeter-scale faint lamination is recognized at 3.2, 4.0, 5.2,
6.2, 7.4, 9.4, 10.0, 12.3, 14.1, and 14.6 mbsf (Fig. 3F), which occur
within Type 3 homogeneous clayey silt to silty clay. In addition,
sharp contacts of possible nondepositional surfaces are recognized at
2.55, 2.75, and 9.0 mbsf. These faint lamination and sharp contact
surfaces are considered to be formed by winnowing of bottom cur-
rent, as will be discussed later.

Age Model

An age model for Hole 1017E has been constructed by Kennett
et al. (Chap. 21, this volume) based on AMS 14C dates of mixed
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Figure 3. X-ray radiographs (positive) of six different sedimentary facies types of hemipelagic clayey silt to silty clay from Cores 167-1017E-1H and 2H. A.
Chondrites-like burrows. B. Large burrows. C. Opaque filaments. D. Opaque particles. E. Without opaques. F. Parallel lamination. Names of each facies (except
parallel lamination) correspond to those in the legend of Figure 2. 
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planktonic foraminifers in the upper part and correlation of δ18O pro-
file of Globigerina bulloides from Hole 1017E with the δ18O curve
of Martinson et al. (1987) in the lower part of the sequence. We
adopted their age model for the part younger than 82 ka (Fig. 4).
Sediment ages between the datums are estimated by linear interpo-
lation. Linear sedimentation rates during the last 82 k.y. range from
2.7 to 31 cm/k.y. Low linear sedimentation rates of 6.6 cm/k.y. and
2.7–6.9 cm/k.y. correspond to stratigraphic intervals between 2.74
and 2.89 mbsf (12.2–14.4 ka) and 12.24 and 12.85 mbsf (59.0–70.8
ka), respectively. These estimated low linear sedimentation rates are
suggested by sediment features. We found a possible erosional sur-
face approximately at 2.75 mbsf, which may represent a small hiatus
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corresponding to the onset of the Younger Dryas, and a faintly lam-
inated sandy interval between 12.4 and 12.2 mbsf, which may repre-
sent strong winnowing.

SAMPLING AND SAMPLE PREPARATION

Sampling was conducted at TAMU ~3 months after the cruise.
Samples of ~20 cm3 in volume were taken from Cores 167-1017E-1H
through 3H in 3-cm intervals. These samples were immediately
placed in k-packs, vacuum sealed, and double packed. Samples for
X-ray radiography were taken separately as 20-cm-long thin slabs.
The slab samples were taken continuously throughout cores using a
plastic case of 20 × 2 × 0.7 cm in size and immediately sealed. These
samples were sent to the University of Tokyo and stored in a refrig-
erator under 10°C. All the samples taken from Core 1H (197 sam-
ples) and every other sample from Core 2H (168 samples) were sub-
ject to inorganic geochemical analyses.

For X-ray diffraction (XRD), X-ray fluorescence (XRF), and car-
bon analyses, ~12 g of wet samples were washed and centrifuged
twice with double distilled water to completely remove salts. The
centrifuged samples were dried at 50°C for 24–48 hr, powdered with
an agate mortar, and stored in glass tubes.

For grain-size analysis, the following three steps of chemical
treatment, which are modified from the procedure of Rea and Janecek
(1981), were applied to the samples to isolate the detrital component.
Because the studied samples contain only trace amounts of siliceous
bioclasts, an opal removal treatment was not conducted.

Step 1. Sea salt and Fe-Mn oxides removal. A dithionite-citrate
system buffered with sodium bicarbonate was used (Mehra
and Jackson, 1960). Approximately 0.06 g of sample was
placed in a 70-cm3 centrifuge tube and 40 mL of 0.3-M sodium
citrate and 5 mL of 1.0-M sodium bicarbonate were added.
The tubes were placed in a 80°C water bath, ~1 g of sodium
hydrosulfite was added, and it was stirred well. After 8 hr of

0

5

10

15

D
ep

th
 (

m
bs

f)

0 10 20 30 40 50 60 70 80

Age (ka)

AMS dates used for age model

Oxygen isotope datums

AMS dates not used for age model

Figure 4. A diagram showing age-depth relation for the top 15 m of Hole
1017E based on age model of Kennett et al. (Chap. 21, this volume). 
reaction, dispersed samples were centrifuged until the super-
natant became clear and was then siphoned off. Samples were
washed with 50 cm3 of 0.3-M sodium citrate and then with 50
cm3 of filtered deionized water (DIFW) and centrifuged.

Step 2. Carbonate removal. Forty cubic centimeters of 20 vol%
acetic acid was added to samples and stirred. Dispersed sam-
ples were shaken for 8 hr. Then samples were centrifuged until
the supernatant became clear and was then siphoned off. Sam-
ples were washed with 50 cm3 of DIFW and centrifuged.

Step 3. Organic removal. Approximately 40 mL of 10% H2O2 was
added to samples, and the centrifuge tubes were placed in a
60°C water bath until the bubbling reaction stopped. The sam-
ples were then centrifuged until the supernatant became clear
and was then siphoned off. Samples were washed with 50 cm3

of DIFW and centrifuged.

After this chemical leaching procedure, samples were kept wet to
prevent aggregation. All the treated samples were introduced into the
grain-size analyzer to prevent grain-size segregation during transfer.

ANALYTICAL METHODS

Organic and Carbonate Carbon Analysis

Total carbon and organic carbon contents were determined for all
the samples studied using a LECO WR-12 carbon determinator. Ap-
proximately 0.1 g of powdered sample was weighed in a ceramic cru-
cible and oxidized at 1500°C for 55 s, and the evolved CO2 gas was
measured to obtain total carbon content (tot-C). For determination of
organic carbon content (org-C), approximately 0.1 g of powdered
sample was treated with 2-N HCl for 24 hr and then dried at 60°C
within a permeable crucible for 2 days. Carbonate carbon content
(carb-C) was calculated by tot-C minus org-C. The precision of mea-
surement was better than ±0.05 wt%.

Mineral Composition Analysis

Semiquantitative analysis of bulk mineral composition was con-
ducted for all the samples using a MAC Science MXP-3 X-ray dif-
fractometer equipped with CuKα tube and monochromator. Mea-
surements were conducted at tube voltage of 40 kV and tube current
of 20 mA with variable slit system that automatically controls a 25-
mm beam width on the sample. Scanning speed was 4° 2θ/min, and
data sampling step was 0.02° 2θ. A powdered sample was mounted
on a glass holder and X-rayed from 2° to 40°=2θ. Before reading out
the positions and heights of diagnostic reflections, two steps of data
processing were applied. As a first step, original data were smoothed
by 5-pt. averaging, which is equivalent to a smoothing window width
of 0.1° 2θ. This process minimizes an error caused by noise. As a sec-
ond step, a background-including amorphous hump was estimated by
the background evaluation program, which uses a wider smoothing
window with 30-pt. (equivalent to 6° 2θ) between 10° and 40°=2θ.
Because the smectite peak is broad (~6° 2θ in width), a smoothing
window of 100-pt. (equivalent to 20° 2θ) was used between 2° and
10° 2θ. The background profile is subtracted from the 5-pt. smoothed
profile to obtain the net peak intensities of crystalline minerals other
than smectite. The background profile using a 100-pt. smoothing
window was used for smectite.

Identification of minerals is based on the following diagnostic
peaks; 7.2° for smectite, 8.8° for illite, 12.1° for chlorite + kaolinite,
26.6° for quartz, 27.8° for feldspars, 29.3° for calcite, and 32.9° for
pyrite. Amorphous material, which includes poorly crystalline alumi-
nosilicate, organic matter, and opal, is identified and semiquantified
based on a broad hump between 16° and 32.5°. A reference sample
was measured twice per day to correct for the drift of measurement
condition. The peak intensities of the minerals were used to semi-
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quantitatively determine mineral abundance. The reproducibility of
the measurement is better than ±7% for quartz, ±10% for amorphous
hump, ±15% for feldspars, ±20% for calcite, pyrite and smectite, and
±30% for illite and chlorite + kaolinite.

Major Element Composition Analysis

The concentrations of 10 major elements (SiO2, TiO2, Al2O3,
Fe2O3, MnO, MgO, CaO, Na2O, K2O, and P2O5) were determined for
all the samples by XRF analysis using a Rigaku 3270 spectrometer
equipped with a Rh tube at the Ocean Research Institute, the Univer-
sity of Tokyo. The measurement was carried out on a fused glass
bead at an acceleration voltage of 50 kV and a current of 50 mA.
Powdered samples were dried at 110°C for more than 4 hr and then
ignited at 1000°C for 6 hr to remove volatiles. Loss on ignition (LOI)
was calculated from the weight loss. Approximately 0.4 g of ignited
samples were mixed with ~4 g of Li2B4O7 flux with the exact ratio of
1.000:10.00, and fused in a platinum crucible to make glass beads
within 8 hr after ignition so as to avoid weight changes due to absorp-
tion of H2O and CO2. A calibration curve was constructed using 40
standard samples provided from the Geological Survey of Japan, the
United States Geological Survey, and the National Bureau of Stan-
dards (Irino and Tada, 2000). The reproducibility (95% reliability) of
measurement in relative scale is ±0.6% for SiO2, ±0.8% for TiO2,
±0.7% for Al2O3, ±0.7% for Fe2O3, ±1.4% for MnO, ±1.0% for MgO,
±0.8% for CaO, ±1.6% Na2O, ±0.7% for K2O, and ±1.2% for P2O5.

Grain-Size Analysis

We analyzed grain-size distribution of 79 selected samples by a
laser diffraction-scattering method using Horiba LA-920 Grain Size
Analyzer equipped with tungsten and He-Ne laser light sources. An
entire pretreated sample was introduced into the analyzer with ~300
cm3 of 0.2% sodium pyrophosphate solution, which aided dispersion
of particles. Sample dispersion was circulated in a closed-tube sys-
tem with in situ ultrasonification for 20 min before measurement. The
result was transformed into volumetric grain-size distribution. Mea-
surement was conducted from 0.02 to 2000 µm in diameter, with
grain-size class of every ∆log10(µm) = 0.06 (total 85 classes).

Because the analyzed samples occasionally showed tri- or bimo-
dal grain-size distribution, we resolved the grain-size distribution
curve into two or three log normal distribution curves using a repeti-
tive numerical curve fitting by the IgorTM computer program. Rela-
tive error (1σ) of grain-size parameters for “fine” (~12 µm) and
“coarse” (~57 µm) size fraction mode were ±5% for the mode posi-
tion (log10[µm]), ±13% for the amount of mode, and ±15% for the
mode width (log10[µm]). Those for “very fine” (~3 µm) mode were
±5% for the mode position (log10[µm]), ±57% for the amount of
mode, and ±16% for the mode width (log10[µm]).

ANALYTICAL RESULTS

Organic and Carbonate Carbon Contents

Organic carbon content (org-C) of the studied samples varies be-
tween 0.30% and 3.00% with an average of 1.60 wt% (Appendix A).
Org-C is relatively high and decreases downward from 3.00 wt% to
1.65 wt% with decimeter-scale low-amplitude (<0.5%) fluctuations
in the Holocene (Fig. 5). The decreasing trend is interrupted by a high
org-C peak at 2.2 mbsf. Org-C is low between 1.0 wt% and 1.6 wt%
within the Younger Dryas and high between 1.6 wt% and 2.3 wt%
within the Bølling/Allerød. Org-C is low and shows centimeter- to
decimeter-scale high-amplitude fluctuations between 0.30 wt% and
1.67 wt% in MIS 2 where low org-C peaks coincide with sand layers.
In MIS 3 to 5a (5.2–15.1 mbsf), org-C shows decimeter-scale fluctu-
ations with org-C maxima (1.4 wt%–2.0 wt%) generally occurring
within silty clay with opaque filaments and/or particles and org-C
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minima (0.7 wt%–1.4 wt%) generally occurring within clayey silt
with occasional faint laminations. Within the lower part of this inter-
val, org-C minima coincide with sand layers at 14.3, 14.45, and 14.75
mbsf. 

Carbonate carbon content (carb-C) of the studied samples varies
between 0.2 wt% and 2.0 wt% with an average of 0.81 wt%. Carb-C
is relatively high (0.7 wt%–2.0 wt% with an average of 1.1 wt%)
(Appendix A) in the Holocene, where it gradually increases down-
ward from 0.8 wt% at core top to 2.0 wt% at 2.1 mbsf (Fig. 5). Carb-
C suddenly drops to 0.6 wt% within the Younger Dryas and goes up
again to 1.3 wt% within the Bølling/Allerød. Within MIS 2, carb-C
varies in centimeter- to decimeter-scale between 1.2 wt% and 0.2
wt% with carb-C minima coinciding with sand layers. In MIS 3 to 5a,
carb-C shows decimeter-scale fluctuations between 1.3 wt% and 0.3
wt%. Within this interval, carb-C minima below 0.4 wt% occur at
5.5, 8.2, 8.9, 11.5, 13.1, and 13.7 mbsf. No distinct sand layers are
present within these intervals, but indistinct sandy zones and sharp
contact surfaces are present. The intervals with carb-C maxima tend
to coincide with silty clay and with opaque filaments and/or particles. 

Mineral Composition

Quartz, feldspar, smectite, illite, chlorite + kaolinite, calcite, py-
rite, and amorphous material are identified in all the samples (Appen-
dix A), and we categorized these minerals into five groups based on
the positive correlations of their peak heights and similarities in their
vertical variation profiles (Fig. 6).

The first group is quartz and feldspar, which show a strong posi-
tive correlation (r2 = 0.64). Vertical profiles of quartz and feldspar are
generally similar (Fig. 6A). They are relatively low in the Holocene,
significantly high in the Younger Dryas, and the lowest within the
Bølling/Allerød. They are intermediate to high, with high-amplitude
variations in MIS 2 with their maxima coinciding with sand layers.
Within MIS 3, they are intermediate with decimeter-scale fluctua-
tions with their maxima tending to coincide with faintly laminated
and/or sandy intervals. Within MIS 4 to 5a, they are intermediate to
high with decimeter-scale fluctuations. It is interesting to note that
their minima tend to coincide with sand layers at 13.8, 14.3, 14.5, and
14.75 mbsf, which is opposite to what is observed in MIS 2.

The second group is illite, chlorite + kaolinite, and smectite.
Among these clay minerals, illite has a strong positive correlation
with chlorite + kaolinite (r2 = 0.64), whereas smectite has weak pos-
itive correlations with illite and chlorite + kaolinite (r2 = 0.29 and
0.33, respectively). Illite and chlorite + kaolinite have almost no cor-
relation with quartz and feldspar, whereas smectite has a weak nega-
tive correlation with quartz (r2 = 0.28). Within the Holocene, the
three minerals gradually increase downward with small-amplitude,
decimeter-scale fluctuations (Fig. 6B). Smectite decreases signifi-
cantly within the Younger Dryas and increases to its maximum with-
in the Bølling/Allerød, whereas illite and chlorite + kaolinite are not
significantly changed within these intervals. Within MIS 2, the three
minerals reach their maxima at 3.4 mbsf, then gradually decrease
downward with large-amplitude fluctuations to 5.0 mbsf, with their
minima coinciding with sand layers. Between 5.0 and 6.0 mbsf in the
uppermost part of MIS 3, abundance of the three minerals are very
low, then rapidly increases downward. Within MIS 3, they are inter-
mediate to high with distinct maxima at 7.7, 8.3, 10.3, and 11.5 mbsf.
Within MIS 4, they are relatively low, but gradually increase down-
ward in MIS 5a. Within MIS 3 to MIS 5a, decimeter-scale, moderate-
to large-amplitude fluctuations are present throughout with their
minima, tending to coincide with the intervals of faint laminations
and sandy zones.

The third group is calcite, which shows a weak positive correla-
tion with amorphous material (r2 = 0.25) and weak negative correla-
tions with quartz and feldspar (r2 = 0.33 and 0.32, respectively). Cal-
cite has a strong positive correlation with carb-C (r2 = 0.75), suggest-
ing that calcite is the dominant phase of carbonate minerals.
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Consequently, the vertical profile of calcite is basically similar to that
of carb-C (Fig. 6C).

The fourth group is amorphous material. The area of amorphous
hump has a weak positive correlation with calcite as described above
and weak negative correlations with quartz and feldspar (r2 = 0.39
and 0.36, respectively). The area has a strong positive correlation
with org-C (r2 = 0.69). Consequently, its vertical profile is basically
similar to that of org-C (Fig. 6C).

The fifth group is pyrite. Pyrite shows no correlation with other
mineral phases. Pyrite is almost absent in surface sediments, but in-
creases rapidly between 5 and 10 cmbsf (Fig. 6D). Within the Holo-
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Figure 5. Vertical variations of org-C and carb-C in rela-
tion to lithology for the top 15 m of Hole 1017E. Tur-
bidite sand samples are connected with thin dotted line. 
Lithology patterns defined in Figure 2. 
cene, pyrite is intermediate to high with indistinct maxima at the mid-
dle of the interval. Pyrite is slightly low in the Younger Dryas and in-
creases abruptly to form a distinct maximum in the Bølling/Allerød.
It decreases abruptly at the top of MIS 2, gradually increases down-
ward toward 4.2 mbsf, and gradually decreases again toward 5.5
mbsf at the top of MIS 3. Within MIS 2, moderate-amplitude centi-
meter- to decimeter-scale fluctuations are present with its minima oc-
casionally coinciding with sand layers. Within MIS 3 to 5a, pyrite
shows large-amplitude decimeter-scale fluctuations with its maxima
coinciding with homogeneous silty clay with opaque filaments or dis-
seminated particles. Distinct maxima of pyrite abundance are present
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at 7.7, 8.8, 9.5, and 10.6 mbsf in the middle of MIS 3, at 13.5 and 13.8
mbsf in the lower part of MIS 4, and at 14.8 mbsf in MIS 5a.

Major Element Composition

The ten major elements analyzed by XRF (including LOI; Appen-
dix B) are categorized into five groups based on their interrelation-
ships and similarities in their vertical variation profiles (Fig. 7). The
first group (group 1) is SiO2, Na2O, and K2O, which show strong pos-
itive correlations with each other (r2 = 0.62–0.82). These elements are
generally low and gradually decrease downward to a minimum at 2.2
mbsf within the Holocene (Fig. 7A). An exception is Na2O, which
shows a small maximum at 1.8 mbsf. Group 1 elements increase dras-
tically in the Younger Dryas, which then decrease drastically within
the Bølling/Allerød. Within MIS 2, group 1 elements are intermedi-
ate to high and show high-amplitude fluctuations with their maxima
coinciding with sand layers. Group 1 elements are high in the upper-
most part of MIS 3, gradually decrease toward the middle part, and
remain about the same in the lower part. They are relatively high
within MIS 4 to 5a. Superimposed on this trend within MIS 3 to 5a is
moderate-amplitude, decimeter-scale fluctuations with higher values
tending to coincide with intervals with faint lamination and sandy
zones. The maxima in MIS 5a correspond to sand layers.
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Figure 6. Vertical variations of peak heights of (A) quartz and feldspar; (B) smectite, illite, and chlorite + kaolinite; (C) calcite and amorphous material (peak
area); and (D) pyrite for the top 15 m of Hole 1017E. Turbidite sand samples are connected with thin dotted lines. Lithology patterns defined in Figure 2.
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The second group (group 2) is Fe2O3 and MgO, which have a
strong positive correlation (r2 = 0.73). Group 2 elements show mod-
erate to strong negative correlations with SiO2 (r

2 = 0.52 and 0.60, re-
spectively) and moderate to weak negative correlations with Na2O
and K2O (r2 = 0.44 to 0.24, respectively). Vertical profiles of these el-
ements are basically mirror images of those of SiO2 (Fig. 7B). Excep-
tions are at 10.6, 11.4, and 14.65 mbsf, where either Fe2O3 or MgO
varies in phase with SiO2.

The third group (group 3) is CaO and LOI, which show a strong
positive correlation (r2 = 0.68). CaO does not show positive correla-
tions with any other elements, whereas LOI shows moderate positive
correlations with Fe2O3 and MgO (r2 = 0.41 and 0.50, respectively).
CaO and LOI show strong negative correlations with group 1 ele-
ments (r2 = 0.66–0.77 and 0.65–0.92, respectively). CaO also shows
a strong correlation with carb-C (r2 = 0.82), suggesting that this ele-
ment is contained primarily in carbonate minerals, whereas LOI
shows a strong correlation with org-C (r2 = 0.78) and a moderate cor-
relation with carb-C (r2 = 0.59), suggesting that it dominantly repre-
sents organic matter and carbonate minerals. Calculation of weight
loss due to ignition of carbonate mineral and organic matter by as-
suming CaCO3 and CH2O stoichiometry shows that ~80% of LOI can
be explained by these two phases. Vertical profile of CaO and LOI is
basically similar to that of carb-C and org-C, respectively (Fig. 7C).
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Figure 7. Vertical variations of element concentration of (A) SiO2, Na2O, and K2O; (B) Fe2O3 and MgO; (C) CaO a
15 m of Hole 1017E. Turbidite sand samples are connected with thin dotted lines. Lithology patterns defined in Figur
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The fourth group (group 4) is TiO2, MnO, and P2O5. TiO2 and
MnO show a strong positive correlation (r2 = 0.73), whereas P2O5
shows only weak positive correlations with MnO and TiO2 (r

2 = 0.36
and 0.21, respectively). Group 4 elements do not show any correla-
tion with other elements. Vertical profiles of TiO2 and MnO are very
similar, and P2O5 is also similar in many respects (Fig. 7D). Namely,
these elements vary with only small amplitude with depth throughout
the sequence except for several samples. Those samples showing the
lower concentrations correspond to sand layers and sandy intervals,
whereas those samples with the higher concentrations occur at the
base of some sand layers and a sandy interval. Although vertical vari-
ations are small, there are slight variations with depth in the case of
MnO and P2O5. MnO is slightly low within the Holocene to Younger
Dryas and MIS 4 and slightly high within the Bølling/Allerød to MIS
3 and MIS 5a. In the case of P2O5, it is intermediate and slightly de-
creases downward in the Holocene to Younger Dryas, slightly high
in the Bølling/Allerød to MIS 2, slightly low and gradually decreases
downward in MIS 3 to MIS 4, and slightly increases in MIS 5a.

The fifth group (group 5) is Al2O3, which does not show correla-
tions with any of other elements (r2 < 0.20). Al2O3 does not vary sig-
nificantly, but it is slightly low within the upper Holocene to MIS 2
(Fig. 7E). It increases abruptly at 5.6 mbsf in the uppermost part of
MIS 3 and stays at that level downward throughout the rest of the se-
quence. Superimposed on this general trend are decimeter-scale fluc-
tuations. Within the Holocene and MIS 3, most of Al2O3 minima cor-
respond to carb-C maxima, suggesting that they reflect dilution by
carbonate; the minima within MIS 2 and MIS 4 to 5a, however, cor-
respond to sand layers, suggesting dilution by sand. In general, deci-
meter-scale fluctuations of Al2O3 are similar in phase with group 2 el-
ements.

Factor Analysis of the Major Element Composition

Results of mineral and major element analyses suggest that varia-
tions in sediment composition can be explained by mixing of 4 or 5
end-member components. To make this point more clear, we applied
Q-mode factor analysis to the data set of major element composition
to identify and characterize common factors that control composi-
tional variations. This method allows us to partition the sediment
composition into the end-member components in the sediments. 

Factor analysis provides a description of a multivariate data set in
terms of fewer common factors that account for variance within the
data set. Factor score and factor loading represent importance of each
variable within each end-member and of each end-member within
each sample, respectively. Factor scores and loadings generated by
simple factor analysis are not scaled as (percent) fractions of vari-
ables within end-members and of end-members within samples, re-
spectively. This fact prevents us from direct comparison of factor
loadings with abundance of minerals, org-C, and carb-C. However, if
the data are closed by constant total sum of variables in each sample,
the factor scores and loadings can be converted into values expressed
as (percent) fractions (Miesch, 1976). For this reason, we conducted
Q-mode factor analysis for all the samples using concentrations of all
the major elements including LOI (11 variables), of which total sum
is constant at 100%. The largest number of variables and smallest an-
alytical error for the major element composition data set allow us to
examine the factors that explain only small fractions of variances in
the data set. 

Varimax rotation of factors was conducted to obtain geologically
meaningful (preferentially positive) scores and loadings of compo-
nents (Imbrie and van Andel, 1964). Analytical procedure is similar
to Miesch (1976) and Leinen and Pisias (1984) except that we used
all major elements and did not apply oblique rotation of the axes. Ex-
tracted factors are considered as representing end-member compo-
nents (e.g., detrital, biogenic, and/or authigenic). Relative enrichment
or depletion of elements between factors are expressed by factor
scores, whereas relative contribution of factors between samples is
286
expressed by factor loadings. Because we did not apply oblique rota-
tion of axes (Miesch, 1976; Leinen and Pisias, 1984), scores and
loadings are only semiquantitative expressions of composition and
content of factors, respectively. 

Results of the analysis show that variance explained by each of
the first five factors is significant (exceeding the range of analytical
error) and they together explain 99.6% of the total variance. The first
two factors alone explain nearly 95% of the variance, whereas factors
3 through 5 explain only 5% of the variance. However, concentration
of certain elements in some of the samples can be explained only after
inclusion of these factors in factor model. In other words, element
concentrations not explained by factors 1 and 2 exceed analytical er-
ror of the elements. Therefore, we adopted a five-factor model to ex-
plain our data set. Extracted five factors are named as factor 1
through factor 5 in descending order of variance explained by each
varimax factor. We also examined the meaning of extracted factors
through correlation analysis between the factor loading and abun-
dance of minerals, org-C, and carb-C of the samples. Composition
scores of these elements for each factor are shown in Table 1, and
correlation coefficients between org-C, carb-C, mineral composition,
major element composition, and factor loadings are shown in Table 2. 

Factor 1 explains 49.8% of variance and has larger (than average)
scores for group 2 and 3 elements (Fe2O3, MgO, CaO, and LOI), and
smaller (than average) scores for group 1 elements (SiO2, Na2O,
K2O). This factor shows strong to moderate positive correlations with
org-C, carb-C, calcite, and amorphous material (r2 = 0.64 – 0.52), a
weak positive correlation with smectite (r2 = 0.24), and strong nega-
tive correlations with quartz and feldspar (r2 = 0.81 and 0.68, respec-
tively). Thus, this factor is characterized by higher contents of organic
matter, carbonate, smectite, and amorphous material. Because the
samples with larger loadings of this factor generally contain abundant
nannofossils according to smear-slide observation, carbonate mark-
ing this factor is most likely of biogenic origin.

Factor 2 explains 45.1% of variance and has larger scores for
group 1 elements and smaller scores for group 2 and 3 elements. This
factor shows moderate positive correlations with quartz and feldspar
(r2 = 0.53 and 0.54, respectively) and strong to moderate negative
correlations with carb-C, org-C, calcite, and amorphous material (r2

= 0.82–0.43). Thus, this factor represents a detrital component
marked by quartz and feldspar.

Factor 3 explains 4.0% of variance and has larger scores for SiO2,
CaO, and LOI, and smaller scores for Al2O3, Fe2O3, MnO, and MgO.
This factor shows faint positive correlations with quartz and calcite
(r2 = 0.18 and 0.12, respectively) and weak to faint negative correla-
tions with illite, chlorite + kaolinite, and smectite (r2 = 0.21 – 0.13).
Detailed examination of loading of this factor revealed that factor 3
tends to covary with factor 1 except for the intervals between 2.3 and
7.6 mbsf and 10.75 and 14.8 mbsf where frequent intercalations of
sand layers and sandy zones occur (sandy intervals). This point is
more clear on a scatter plot of factor 2 vs. factor 3 loadings in Figure
8A. In this figure, the two factors show a positive correlation for sam-
ples from the sandy intervals whereas the two factors show a negative
correlation for samples from the intervals with hemipelagic silty clay
to clayey silt without intercalations of sand layers (hemipelagic inter-
vals). Within hemipelagic intervals, samples with higher factor 3
loadings tend to contain abundant planktonic foraminiferal skeletons
(and nannofossils) according to smear-slide observation. On the other
hand, within the sandy intervals, the samples with higher factor 3
loadings coincide with sand layers. Such samples contain abundant
coarse-silt-size bioclasts that are composed of planktonic and benthic
foraminiferal skeletons occasionally filled with pyrite and shell frag-
ments. Thus, factor 3 seems to represent coarse-silt-size calcareous
bioclasts of probable allochthonous origin within the sandy intervals
and planktonic foraminifers of probable autochthonous origin within
the hemipelagic intervals. The relation between factor 3 loading and
quartz peak intensity in Figure 8B shows that samples from the sandy
intervals show a positive correlation, whereas the samples from the
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Na2O K2O P2O5

0.017 0.0211 0.0027 
0.031 0.0320 0.0021 
0.026 0.0236 0.0025 

–0.132 0.0179 0.0430 
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major elements, and factor loadings for all samples.

Notes: Org-C = organ

Org-C Quartz Feldspar Calcite Pyrite Amorph
Factor 

1
Factor 

2
Factor 

3
Factor 

4
Factor 

5

Org-C: 1.00 
Carb-C: 0.46 
LOI: 0.88 
SiO2: –0.79 
TiO2: 0.20 
Al2O3: –0.05 
Fe2O3: 0.55 
MnO: 0.00 
MgO: 0.60 
CaO: 0.56 
Na2O: –0.63 
K2O: –0.78 
P2O5: 0.35 
Smectite: 0.35 
Illite: –0.05 
Kaolinite: 0.01 
Quartz: –0.68 1.00 
Feldspar: –0.64 0.80 1.00 
Calcite: 0.59 –0.58 –0.56 1.00 
Pyrite: 0.07 –0.20 –0.15 0.16 1.00 
Amorph: 0.83 –0.63 –0.60 0.50 0.08 1.00 
Factor 1: 0.80 –0.90 –0.82 0.78 0.24 0.72 1.00 
Factor 2: –0.74 0.73 0.73 –0.91 –0.26 –0.65 –0.91 1.00 
Factor 3: –0.10 0.42 0.22 0.35 –0.05 –0.13 –0.21 –0.19 1.00 
Factor 4: –0.18 0.17 –0.03 –0.03 0.28 –0.03 –0.03 –0.07 0.16 1.00 
Factor 5: –0.20 0.06 0.05 –0.05 0.35 –0.21 –0.03 –0.08 0.05 0.18 1.00 
Table 1. Composition scores of each element for the five fa

Notes: Factors defined in text (see “Factor Analysis of the Major Element Composition” sect

LOI SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO

Factor 1: 0.163 0.48 0.0064 0.126 0.054 0.00037 0.029 0.104 
Factor 2: 0.023 0.71 0.0056 0.132 0.028 0.00033 0.014 0.019 
Factor 3: 0.096 0.67 0.0013 0.066 –0.016 0.00008 –0.011 0.141 
Factor 4: –0.836 1.92 0.0766 0.039 –0.044 0.00761 0.006 –0.100 
Factor 5: –0.066 0.74 –0.0085 0.061 0.162 0.00004 0.026 0.042 

Table 2. Correlation coefficients (r) between org-C, carb-C, peak heights of minerals, concentrations of 

ic carbon content, Carb-C = carbonate carbon content. LOI = loss on ignition.

Carb-C LOI SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Smectite Illite Kaolinite

1.00 
0.77 1.00 

–0.81 –0.96 1.00 
0.04 0.18 –0.24 1.00 

–0.33 –0.14 0.10 0.36 1.00 
0.42 0.64 –0.72 0.43 0.28 1.00 
0.01 0.05 –0.12 0.85 0.20 0.35 1.00 
0.47 0.71 –0.78 0.37 0.45 0.86 0.29 1.00 
0.90 0.82 –0.84 0.01 –0.44 0.36 0.02 0.45 1.00 

–0.72 –0.81 0.83 –0.13 0.25 –0.62 –0.25 –0.66 –0.81 1.00 
–0.79 –0.92 0.91 –0.22 0.26 –0.49 –0.12 –0.60 –0.88 0.79 1.00 
0.35 0.41 –0.37 0.46 –0.28 0.23 0.60 0.25 0.45 –0.57 –0.52 1.00 
0.29 0.42 –0.47 0.22 0.23 0.52 0.18 0.56 0.28 –0.39 –0.32 0.13 1.00 

–0.08 –0.05 –0.03 0.13 0.45 0.22 0.05 0.28 –0.16 0.11 0.14 –0.24 0.54 1.00 
0.02 0.05 –0.14 0.10 0.40 0.30 0.11 0.39 –0.01 –0.09 0.02 –0.13 0.57 0.80 1.00 

–0.65 –0.82 0.88 –0.35 –0.21 –0.82 –0.23 –0.89 –0.62 0.69 0.75 –0.28 –0.53 –0.16 –0.26 
–0.60 –0.77 0.79 –0.30 –0.03 –0.65 –0.24 –0.73 –0.63 0.71 0.76 –0.43 –0.22 0.27 0.11 
0.87 0.81 –0.81 –0.01 –0.43 0.32 –0.03 0.41 0.96 –0.76 –0.86 0.40 0.28 –0.14 –0.02 
0.23 0.16 –0.23 0.18 –0.15 0.35 0.34 0.17 0.19 –0.35 –0.17 0.25 0.14 0.02 0.09 
0.44 0.76 –0.69 0.21 0.01 0.49 0.06 0.57 0.50 –0.60 –0.70 0.43 0.31 –0.02 0.07 
0.77 0.96 –0.97 0.30 –0.01 0.76 0.22 0.84 0.81 –0.88 –0.91 0.46 0.49 0.03 0.16 

–0.85 –0.93 0.92 –0.10 0.40 –0.55 –0.10 –0.58 –0.94 0.91 0.93 –0.54 –0.35 0.16 0.01 
0.22 –0.03 0.12 –0.46 –0.90 –0.59 –0.34 –0.65 0.33 0.01 –0.11 0.16 –0.36 –0.45 –0.45 

–0.06 –0.16 0.15 0.39 –0.26 –0.06 0.70 –0.12 0.02 –0.26 0.00 0.79 –0.08 –0.24 –0.14 
0.00 –0.11 0.05 –0.34 –0.30 0.29 –0.03 0.00 0.00 –0.29 0.23 –0.08 0.06 –0.03 0.07 
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hemipelagic intervals show a negative correlation, which further sup-
ports this explanation.

Factor 4 explains 0.5% of variance and has larger scores for SiO2,
TiO2, MnO, and P2O5 and smaller scores for Al2O3, Fe2O3, MgO,
CaO, Na2O, and LOI. This factor does not show correlation with any
mineral phases and org-C. As is the case for group 4 elements, sam-
ples with extremely high factor 4 loadings occur at the base of sand
layers and a sandy zone. However, it should be noted that not all sand
layers have the basal part with high factor 4 loading—only the sand
layers with very low org-C. It is possible that these high loadings re-
flect early diagenetic precipitation of MnO and P2O5 under early di-
agenetic oxic conditions that were temporarily caused by deposition
of turbidite sand deficient in labile organic matter. But early diage-
netic precipitation under temporal oxic environment cannot explain
high concentration of TiO2. On the other hand, TiO2, MnO, and P2O5
in turbidite sand samples from MIS 2 show strong positive correla-
tions each other (r2 > 0.82) and a moderate to weak positive correla-
tion with Fe2O3 (r

2 > 0.37), and stoichiometry estimated from these
correlations is consistent with chemical composition of titanomagne-
tite. In addition, smear-slide observation suggests that the sample
with highest factor 4 loading contains abundant heavy minerals in-
cluding zircon, spinel, and magnetite. For these reasons, we prefer
the interpretation that this factor represents condensation of heavy
minerals probably including titanomagnetite that are condensed in
the basal part of some of turbidite sand layers. The fact that factor 4
loadings are lower in other turbidite sands implies either different
source(s) or sorting effect during transportation. Even after exclud-
ing these sand samples with exceptionally high or low factor 4 load-
ings, there still remains a variation in factor 4 loadings that is larger
than analytical error. Namely, the loading is higher within MIS 2 and
lower within MIS 5a. We suspect that this variation may reflect
changes in composition of the detrital material. To test this possibil-
ity, we examined the relationship between factor 4 loading and
Na2O/(SiO2 – 14.15), a measure of deviation from the Na2O vs. SiO2
regression line, for the samples excluding turbidite sands (Fig. 9).
The figure shows a clear negative correlation (r2 = 0.61). Because
both SiO2 and Na2O are considered as dominantly held in detrital ma-
terial, this correlation strongly suggests that factor 4 represents a
third detrital component.

Factor 5 explains 0.3% of variance and has larger scores for
Fe2O3, MgO, and K2O and smaller scores for TiO2, MnO, and P2O5.
This factor shows a faint positive correlation with pyrite (r2 = 0.12).
Detailed examination of factor 5 loading revealed that samples with
high factor 5 loading are restricted to three samples from a thick tur-
bidite sand layer at 14.7 mbsf. This sand layer is characterized with
abundant glauconite grains. Because glauconite is characterized with
higher contents of Fe2O3, MgO, and K2O, it is likely that this factor
represents glauconite. Smear-slide observation suggests that those
samples with slightly high loadings of factor 5 also contain small
amounts of glauconite grains.
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Detrital Grain Size

Because grain-size distribution may reflect relative contribution
of different transportation mechanisms and/or different detrital
sources, we analyzed grain-size distribution of lithogenic fraction for
selected samples, quantified relative amount of different size classes,
and determined position of the principal mode. Seventy nine selected
samples consist of 37 (every 6-cm interval) from the Holocene, two
from the Bølling/Allerød, two from MIS 2, 37 (including 33 samples
from every 6-cm interval) from MIS 3, and one from MIS 4. High-
resolution sample sets were analyzed in two intervals to characterize
decimeter-scale variations in sediment composition during the Ho-
locene and MIS 3.

Grain-size distribution of these samples shows either unimodal or
bimodal distribution with a shoulder on the finer side of the principal
mode, and the distribution is resolved into two or three log normal
grain-size distributions. The principal mode is located between 8 and
15 µm with average of 12 µm (termed “fine silt”) and the subordinate
modes are located between 39 and 73 µm with an average of 57 µm
(termed “coarse silt”) and between 2 and 4 µm with an average of 3
µm (termed “clay;” Fig. 10). The relative amount of each mode is dif-
ferent among samples and one of the subordinate modes is absent in
several cases. Examples of the result of curve fitting are shown in
Figure 10, and the relative amounts of each mode for analyzed sam-
ples are listed in Appendix C.

Fine silt is always a major fraction of the lithogenic component
and its volume ranges from 59 to 86 vol%, whereas the volumes of
coarse-silt and clay fractions range from 0 to 28 vol% and 5 to 27
vol%, respectively. The volumes of coarse- and fine-silt fractions
have strong negative correlations (r2 = 0.74), whereas volumes of
clay, coarse-silt, and fine-silt fractions do not show a clear correlation
between one another. This is partly due to the larger error associated
with volume estimation of the fine-silt fraction. 

Correlations between modal volumes and factor loadings are ex-
amined and results are listed in Table 3. It should be noted that the
correlations are calculated for selected samples that do not include
turbidite sands; consequently, they are heavily biased toward the
Holocene and MIS 3. Factor 1 shows a faint positive correlation with
fine silt (r2 = 0.17) and a weak negative correlation with coarse-silt
fraction (r2 = 0.29), respectively. Factor 2 shows a faint positive cor-
relation with coarse-silt fraction (r2 = 0.14) and a faint negative cor-
relation with fine-silt fraction (r2 = 0.10). Factor 3 does not show any
correlation with silt and clay fractions. Factor 4 shows a faint nega-
tive correlation with fine-silt fraction (r2 = 0.10). Factor 5 shows a
faint positive correlation with fine-silt fraction (r2 = 0.17). It is also
noteworthy that factor 5 shows moderate negative correlation with
modal size of fine-silt fraction (r2 = 0.48). The result suggests that
factor 1 is preferably held in finer fractions (fine silt and clay), factors
2 and 4 in coarse-silt fraction, and factor 5 in fine-silt fraction. Factor
3 does not have special affinity to any size factions. This is partly be-
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cause samples from sand layers, which commonly have higher factor
3 loadings, are not included and also because those grain-size param-
eters were determined for lithogenous fraction after acid treatment.

Vertical variations in volumes of each grain-size fraction and
modal position of fine-silt fraction is shown in Figure 11. The vol-
ume of coarse-silt fraction is moderate and decreasing downward
within the Holocene, low within the Bølling/Allerød, high during
MIS 2, and moderate again in MIS 3. Variation of fine-silt fraction is
basically a mirror image of the coarse-silt fraction, although a mini-
mum corresponding to MIS 2 is not significant. The volume of clay
fraction does not vary significantly except for one sample from the
Bølling/Allerød where it is nearly twice as high. Superimposed on
these trends are decimeter-scale variations that are obvious only
within the intervals of high-resolution sample sets. Within the Ho-
locene, the fine fraction shows three maxima at 0.95, 1.6, and 2.2
mbsf, whereas maxima are found at 7.6, 8.2, 8.4, and 8.8 mbsf within
the middle of MIS 3. These maxima correlate well with the minima
of factor 2 (and maxima of factor 1).

We also examined modal grain size of fine-silt fraction, which is
clearly recognized on grain-size distribution diagram. Modal grain
size of fine-silt fraction is relatively large (10.6–14.9 µm) in the
Holocene. It abruptly decreases to 9.0 µm near the bottom of Holo-
cene and then is small (8.0–8.7 µm) in the Bølling/Allerød, moderate
around 10.5 µm in MIS 2, and moderate to large (10.0–13.5 µm) in
MIS 3 (Fig. 11). Within the high resolution part of MIS 3, modal
grain size shows maxima at 7.3, 7.8, 8.2, 8.5, and 8.8 mbsf that tend
to coincide with the maxima of factor 2. Modal grain size of fine-silt
fraction has a weak positive correlation (r2 = 0.27) with the volume
of coarse-silt fraction.

Degree of Pyritization

The degree of pyritization (DOPT) used here is defined as the ratio
of pyrite Fe within total Fe. It is commonly used to estimate relative
(not absolute) levels of bottom-water oxygenation conditions with
higher DOPT suggesting less oxic conditions (Berner, 1970, 1984;
Calvert and Karlin, 1991; Tada et al., 1992). We estimated pyrite
content from pyrite peak height on X-ray diffractograms using the re-
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Na2O/(SiO2 – 14.15) for samples from the top 15 m of Hole 1017E. Na2O/
(SiO2 – 14.15) is a measure of deviation from the regression line of Na2O and
SiO2 relation.
gression equation derived by Tada et al. (1999) to calculate DOPT.
DOPT does not show any correlation with Fe2O3 nor loadings of any
factors, suggesting that it is not strongly controlled by sediment com-
position. On the other hand, DOPT shows a strong positive correlation
with the pyrite-S/org-C ratio (r2 = 0.60), which is another indicator of
bottom water oxygenation level (Berner and Raiswell, 1983), sup-
porting the appropriateness to use DOPT as a relative measure of the
bottom-water oxygenation level. An org-C vs. pyrite-S plot (not
shown) indicates that most of the samples analyzed fall within the
range of normal marine of Berner and Raiswell (1983) when samples
from turbidite sands and the top 40 cmbsf were excluded. This im-
plies that the bottom-water oxygenation level at the studied site did
not become euxinic during the last 80 k.y. Excluding samples from
the top 40 cmbsf, where active pyrite formation process seems still in
progress, DOPT of the studied samples varied between 0.06 and 0.32,
with an average of 0.16.

Vertical profile of DOPT is shown in Figure 12. DOPT is high
within the Bølling/Allerød and middle to lower part of MIS 2, inter-
mediate within the Holocene and Younger Dryas, intermediate to
high in MIS 5a, intermediate in the upper part of MIS 2, intermediate
to low in MIS 3, and low in MIS 4. Superimposed on these trends are
decimeter-scale fluctuations, which are most evident within MIS 3
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Table 3. Correlation coefficients (r) between modal volumes, modal position of fine-silt fraction, and factor loadings.

Fine silt 
position

Clay 
volume

Fine silt 
volume

Coarse silt 
volume

Factor 
1

Factor 
2

Factor 
3

Factor 
4

Factor 
5

Fine silt position: 1.00 
Clay volume: –0.21 1.00 
Fine silt volume: –0.44 –0.14 1.00 
Coarse silt volume: 0.52 –0.39 –0.86 1.00 
Factor 1: –0.32 0.30 0.41 –0.54 1.00 
Factor 2: 0.20 –0.16 –0.31 0.37 –0.91 1.00 
Factor 3: 0.17 –0.13 0.00 0.07 –0.21 –0.19 1.00 
Factor 4: –0.15 0.12 –0.31 0.23 –0.03 –0.07 0.16 1.00 
Factor 5: –0.69 0.08 0.41 –0.42 –0.03 –0.08 0.05 0.17 1.00 
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where distinct DOPT maxima occur approximately at 7.8, 8.8, 9.5,
and 10.6 mbsf.

DISCUSSION

Compositional Variations and Their
Paleoceanographic Implications

Temporal variations of loadings of factors 1 through 5, which ba-
sically explains temporal variation of sediment composition, are re-
constructed based on the age model (Fig. 13; original data are listed
in Appendix D). In Figure 13, the planktonic δ18O profile of Kennett
et al. (Chap. 21, this volume) is also shown (Fig. 13D) to examine
variation of the sediment composition in relation to glacial/intergla-
cial and stadial/interstadial changes.

Factors 1 and 2 (Grain-Size Indicator) 

It is obvious from Figure 13 that loading of factor 1 is higher dur-
ing the Holocene and Bølling/Allerød; intermediate during MIS 2, 3,
and 5a; and lower during the Younger Dryas, uppermost part of MIS
3 (between 25 and 26 ka), and MIS 4 (Fig. 13A). During MIS 3, fac-
tor 1 loading is higher during interstadials and lower during stadials.
Profile of factor 2 loading is almost a mirror image of factor 1 profile.
These profiles also resemble the profile of planktonic δ18O. Because
loadings of factors 1 and 2 semiquantitatively represent contribution
from finer and coarser fraction of lithogenic component, these results
suggest a strong linkage between climatic changes and variations in
grain size of hemipelagic sediments with finer grain sizes during
warmer periods and coarser sizes during cooler periods.

Observation of sedimentary structures shows that faint lamina-
tions and sharp contact surfaces occur within stadial intervals includ-
ing the Younger Dryas. Parallel lamination could represent either
varves formed by seasonal variations of surface productivity trans-
mitted to the bottom sediments and preserved under anoxic bottom-
water conditions or contourites formed by fluctuations of contour
current velocity. Because varve-type laminations are found under an-
oxic conditions (e.g., Savrda et al., 1984), whereas contourites tend
to be formed by highly ventilated intermediate- and deep-water
flows, it is possible to distinguish the two types of lamination with
evidence for anoxic conditions. We examined the relationship be-
tween DOPT and the occurrence of faint laminations and sharp con-
tact surfaces (Fig. 12) in which positions of faint laminations and
sharp contact surfaces are indicated as arrows. As is obvious from
Figure 12, faint laminations and sharp contact surfaces tend to coin-
cide with intervals of lower DOPT, suggesting more oxygenated bot-
tom-water conditions during these intervals. This evidence argues for
contourite origin of laminations and against varve origin. Lower con-
tents of org-C and carb-C within these intervals are also against varve
origin.

Contourites are characterized by well-sorted grain-size distribu-
tions with their mode in the medium- to coarse-silt size range (16–62
µm). In their study of contourites in the southern Weddell Sea, Weber
et al. (1994) described laminated contourite whose principal mode is
between 13 and 39 µm. On the other hand, our faintly laminated
clayey silt samples are also well sorted and have the principal modal
position at 13–14 µm. The agreement in the principal modal position
together with the presence of faint parallel lamination suggests that
our faintly laminated intervals (and also sharp contact surfaces) could
be contourites. If this interpretation is correct, then compositional
changes of the sediments explained by factors 1 and 2 should repre-
sent variations in grain size caused by changes in contour current in-
tensities that were stronger during the Younger Dryas and stadials
within MIS 3 and 4. Although grain-size analysis has not been con-
ducted yet for samples from the Younger Dryas, low factor 1 loading
within this interval suggests stronger contour current. Stronger con-
tour current during the Younger Dryas is consistent with low sedi-
mentation rate at the basal part of this interval (Fig. 2).

Kennett and Ingram (1995) and Behl and Kennett (1996) sug-
gested the possibility of increased ventilation of NPIW during the
Younger Dryas and stadials during MIS 2 and 3 based on the venti-
lation history of the Santa Barbara Basin. Stronger contour current
intensities with higher bottom-water oxygenation levels during sta-
dials (including the Younger Dryas) and weaker current intensities
with lower bottom-water oxygenation levels during interstadials (in-
cluding the Bølling/Allerød) reconstructed here are consistent with
their hypothesis. Together with their results, our result strongly ar-
gues for intensification of intermediate-water circulation in the
North Pacific during stadials possibly associated with Dansgaard-
Oeschger cycles in the last glacial episode.

Factor 3 (Possible Carbonate Dissolution Indicator)

When turbidite sand samples are excluded, factor 3 in hemipe-
lagic sediments (including contourites) basically explains excess or
deficiency of biogenic carbonate that are not explained by factor 1.
It can be either representing carbonate productivity or dissolution.
We do not have conclusive evidence to specify either of the two pos-
sibilities. However, when comparing the vertical profile of factor 3
with that of org-C, maxima of factor 3 coincide with minima of org-
C in most cases (Fig. 13B). Because factors 1 and 3 are positively
correlated when turbidite sand samples are excluded, this antiphase
relation is not due to grain-size effect. A more plausible explanation
is the dissolution of biogenic carbonate in samples rich in labile or-
ganic matter. A prominent maximum of carb-C at 10 ka is widely
recognized in the sediments all over the world including the Califor-
nia margin and considered as reflecting better preservation of
CaCO3 (Broecker et al., 1993; Gardner et al., 1997). This interpreta-
tion is consistent with presence of prominent positive loading of fac-
tor 3 at 10 ka in the studied samples. Thus, we speculate that factor
3 may represent carbonate preservation, although we do not exclude
the possibility of productivity contribution.

According to this interpretation, high carbonate preservation (or
high production) occurred at 9.5, 16, 25, 46.5, and 75 ka. These high
carbonate preservation (or production) events seem to coincide with
those observed at Hole 1016C, ~100 km to the west of this site with
water depth of 3835 m, by Yamamoto et al. (Chap. 12, this volume).
However, poor age control at Site 1016 prevents us from detailed cor-
relation. Carbonate preservation was relatively good (or production
are relatively high) during the Holocene, MIS 2, and MIS 4, and low
during the Bølling/Allerød, MIS 3, and MIS 5a. Higher carbonate
preservation (or production) during MIS 2 is consistent with Lyle et
al. (1992) who reported enhanced carbonate burial at 18 ka in a north-
ern California margin transect.

Factor 4 (Provenance Indicator)

Factor 4 is considered as representing a third detrital component
that dominantly explains variations of TiO2, MnO, and P2O5 and to
some extent Fe2O3, and probably represent titanomagnetite-like min-
eral. Significant variations in factor 4 loading are restricted to turbid-
ite sand samples from MIS 2 that have either higher or lower loading
compared to hemipelagic clayey silt and silty clay samples. We inter-
pret this as reflecting sorting effect during transportation as described
before. On the other hand, factor 4 loading of turbidite sand samples
from MIS 5a does not show any deviation from adjacent hemipelagic
sediments. This suggests either that turbidite has at least two different
source areas or that sand composition of the source area changed with
time. After excluding turbidite sand samples, factor 4 loading still
shows some variations with higher loading during MIS 2 and lower
loading during MIS 5a, middle of MIS 3 (approximately at 50 ka),
and early part of the Holocene (Fig. 13C). Because titanomagnetite
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preferentially occurs in mafic and ultramafic rocks, and ultramafic
rocks are mostly exposed along the coast to the north of Point Con-
ception but not to the southeast of it, it is possible that this factor
could represent a northern component of the detrital material trans-
ported along the coast. Further investigation is necessary to test this
possibility.

Factor 5 (Glauconite Indicator) 

Factor 5 explains some of the variations in Fe2O3 and K2O and is
considered as representing a glauconite component. When samples
from a turbidite layer at 14.7 mbsf are excluded, loading of factor 5
is not large, but its variation is still larger than the noise. Temporal
variations of factor 5 loading in Figure 13C shows that it is higher
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during the Bølling/Allerød, and to a lesser extent the Younger Dryas
and interstadials during MIS 3. Because the sediments deposited dur-
ing these periods are characterized by hemipelagic clayey silt to silty
clay without any interruption by turbidite, and hemipelagic samples
with higher factor 5 loading do not agree with contourites, it is likely
that glauconite in these sediments were formed in situ rather than re-
worked.

Glauconite formation is favored by a marginally oxic environ-
ment (Odin and Matter, 1981), and high concentration of glauconite
grains in the surface sediments are reported from the upper edge of
OMZ approximately at 500 m water depth of central California mar-
gin (Mullins et al., 1985). Mullins et al. (1985) also reported high
concentration of fecal pellets at the lower edge of OMZ at ~1000 m
water depth. Because fecal pellets are a good substrate for glauconiti-
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zation, it is possible that fecal pellets were glauconitized to some de-
gree at the lower edge of OMZ. If this is the case, factor 5 might re-
flect behavior of OMZ with higher factor 5 loading corresponding to
downward shift of the lower edge of OMZ.

Possible Factors Controlling Org-C Variations

Org-C is frequently used as an indicator of surface productivity al-
though limitations of its usage are frequently discussed (e.g., Lyle et
al, 1992). For the hemipelagic sediments analyzed in this study, org-
C variations (which is included in LOI variations) are dominantly ex-
plained by factor 1, which represents finer fraction of the sediments.
Through their study of surficial sediments from Washington margin,
Keil et al. (1994) showed that >90% of the total organic carbon is
sorbed on the inorganic mineral surfaces, and its concentration is
strongly controlled by sediment surface area. Because sediment sur-
face area increases with decreasing grain size, negative correlation
between org-C and grain size is expected. This explains the clear pos-
itive correlation between factor 1 loading and org-C as shown in Fig-
ure 14. Similar relationship between org-C and grain size is also re-
ported from laminated contourites from the southern Weddell Sea
(Weber et al., 1994). Thus, org-C in the studied sediments is consid-
ered as principally controlled by grain size of lithogenic fraction that
in turn reflects intensity of contour current.

Scattering from the regression line in Figure 14 may represent ad-
ditional factor(s) that control org-C. Those samples that scatter to the
larger org-C side of the regression line come from six intervals. These
are the late Holocene (<1.5 mbsf), later part of the Younger Dryas
(2.2–2.6 mbsf), three interstadials in the early half of MIS 3 (9.2–9.4,
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Figure 13. Temporal variations of loadings of (A) fac-
tors 1 and 2, (B) factor 3 and org-C, and (C) factors 4 
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interstadial climatic changes indicated by planktonic 
δ18O variations. Turbidite sand samples are connected 
with thin dotted lines.
10.0–10.5, and 11.4–11.6 mbsf), and MIS 5a (13.2–15.1 mbsf) (Fig.
14). Org-C higher than the regression line for the Holocene samples
could be explained by temporal retention of metabolizable organic
matter that will be decomposed during the course of early diagenesis
within the top few meters (Gardner and Dartnell, 1995). Alternatively,
it could be explained by enhanced preservation of organic carbon un-
der poorly oxygenated bottom-water conditions (e.g., DeMaison and
Moore, 1980; Canfield, 1994) implied from the presence of Chon-
drites-like burrows within the top 1.5 m. Higher org-C trends for other
five intervals do not seem to be explained by either of these two fac-
tors. First, effect of temporal retention of metabolizable organic mat-
ter is unlikely because the continuous downward decreasing trend of
org-C ceased at 2.3 mbsf, below which no downward decreasing trend
is observable on org-C profile. Second, DOPT values within these in-
tervals are not necessarily high, although high DOPT values occur in
a few samples. Consequently, enhanced preservation under poorly ox-
ygenated conditions does not seem important. A more plausible ex-
planation is increased contribution of organic matter that is not asso-
ciated with fine lithogenic particles. Increases in contribution of free
organic matter to the sediments could be caused either by enhanced
surface productivity or by enhanced supply of terrigenous organic
matter, mostly through rivers. At this stage, we do not have enough
data to specify the source of organic matter within these specific in-
tervals, but increased supply of terrigenous organic matter is a possi-
ble explanation because three of these intervals coincide with the in-
tervals with abundant plant fragments (Fig. 2). It is interesting to note
that relative enrichment of org-C is not obvious for samples from the
earliest Holocene or the Bølling/Allerød where high org-C and carb-
C peaks are recognized.
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SUMMARY

High-resolution analyses of mineral and major element composi-
tion including org-C and carb-C were conducted for the latest
Pleistocene to Holocene sediments from ODP Site 1017 covering the
last 80 k.y. Compositional variations associated with glacial/intergla-
cial as well as millennial-scale changes in paleoceanographic condi-
tions are identified at the intermediate depth of the California margin
off Point Conception. Significant variations in mineral and major el-
ement composition were detected in both time scales, which were
semiquantified subjectively by Q-mode factor analysis of 11 major
elements. Five factors were extracted, which together explain more
than 99% of variance. To characterize these five factors, correlation
was examined between the factors and mineral composition. We also
conducted grain-size analysis of selected samples to characterize
grain size of these factors.

Factor 1 has high scores of Fe2O3, MgO, CaO, and LOI and rep-
resents enrichment of fine-silt- to clay-size amorphous material (in-
cluding organic matter), calcite, and smectite. Factor 2 has high
scores of SiO2, Na2O, and K2O and represents enrichment of coarse-
silt- (and sand) size quartz and feldspar. Factor 3 has high scores of
SiO2, CaO, and P2O5 and represents enrichment of coarse-silt- to
sand-size bioclasts and quartz in the case of turbidite sand, and fine-
silt- to clay-size autochthonous biogenic carbonate in the case of
hemipelagic sediments. It is likely that factor 3 in hemipelagic sedi-
ments represents the degree of carbonate preservation and/or produc-
tivity. Factor 4 has high scores of TiO2, MnO, and P2O5 and possibly
represents enrichment of titanomagnetite-like mineral. This factor
may represent a size-sorting effect during transportation in the case
of turbidite sands and a possible northern source of detrital material
in the case of hemipelagic sediments. Factor 5 has high scores of
Fe2O3, MgO, and K2O and probably represents enrichment of glauc-
onite. It is likely that glauconite in hemipelagic sediments is authi-
genic and could be related to the bottom-edge position of OMZ.

Grain-size distribution of hemipelagic sediments is well expressed
by factors 1 and 2, which explains most of their compositional varia-
tions. Temporal variations of factor 1 (representing fine silt and clay)
show millennial-scale as well as orbital-scale variations with higher
loading (finer grain size) during warm periods and lower loading
(coarser grain size) during cold periods. The intervals characterized
by lower factor 1 loading coincide with faintly laminated intervals.
Together with their principal grain sizes of 13–14 µm, these faintly
laminated intervals are considered as contourites. These results sug-
gest that bottom-current intensity at Site 1017 (water depth of 956 m)
changes in concert with stadial/interstadial as well as glacial/intergla-
cial climatic cycles during the last 80 k.y. with periods of stronger
current intensities coinciding with cooler periods and vice versa. Rel-
ative bottom-water oxygen level inferred from DOPT suggests that
bottom water was better ventilated during cold periods when contour
current intensity was stronger. This evidence argues for the hypothe-
sis by Kennett and Ingram (1995) and Behl and Kennett (1996),
which suggested the possibility of increased ventilation of NPIW dur-
ing the Younger Dryas and stadials during the last glacial period.
This, in turn, suggests intensification of intermediate-water circula-
tion in the North Pacific during stadials of the last glacial episode,
possibly associated with Dansgaard-Oeschger cycles.

Our result also suggests that org-C and carb-C, which are occa-
sionally used as indicators of surface productivity, are strongly influ-
enced by grain-size sorting caused by contour current at least at Site
1017 and possibly at other sites in the California margin. Only after
subtracting the influence of grain-size effect do signals of productiv-
ity, preservation, or input from terrestrial source become evident.
Correlation between org-C and factor 1 (fine-grain-size indicator)
suggests presence of additional organic carbon at several stratigraph-
ic intervals. These are tentatively attributed to metabolizable organic
matter still contained within the top 1.4 m of the sequence and an ad-
ditional supply of terrestrial organic carbon from nearby rivers and/
294
or enhanced surface productivity around 11, 43, 48, 55, and 72–81 ka.
Carbonate preservation and/or productivity effects are represented by
higher factor 3 loading. Factor 3 loading shows positive peaks ap-
proximately at 10, 25, 47, and 77 ka.
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Appendix A.

Organic and carbonate carbon contents and mineral composition (peak heights) of samples from Cores 167-1017E-1H and 2H.

This is a sample of the table that appears on the volume CD-ROM.

Number
Core, section,
interval (cm)

Corrected
depth
(mbsf)

Corg
(%)

Ccarb
(%)

Smectite
(cps)

Illite
(cps)

Chlorite
Kaolinite

(cps)
Quartz
(cps)

Feldspar
(cps)

Calcite
(cps)

Pyrite
(cps)

Amorphous
hump

167-1017E-
1 1H-1, 0-3 0.01 2.96 0.77 36 57 34 2,667 775 570 0 77,233 
2 1H-1, 3-6 0.04 2.91 0.82 50 55 37 2,602 904 552 0 77,367 
3 1H-1, 6-9 0.07 3.00 0.69 37 90 34 2,802 1122 619 35 76,757 
4 1H-1, 9-12 0.10 2.82 0.83 40 71 41 2,707 832 591 44 77,893 
5 1H-1, 12-15 0.13 2.59 0.90 35 57 36 2,668 881 586 40 68,348 
6 1H-1, 15-18 0.16 2.87 0.93 49 114 43 2,725 1348 621 70 76,512 
7 1H-1, 18-21 0.19 2.55 1.09 39 59 42 2,687 855 531 43 73,699 
8 1H-1, 21-24 0.22 2.65 0.95 42 90 41 2,669 1033 549 44 72,400 
9 1H-1, 24-27 0.24 2.56 0.92 35 65 43 2,484 896 549 31 76,071 

10 1H-1, 27-30 0.27 2.77 0.83 36 69 48 2,572 951 655 45 71,378 
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Appendix B.

Major element composition of samples from Cores 167-1017E-1H and 2H.

This is a sample of the table that appears on the volume CD-ROM.

Number
Core, section, 
interval (cm)

Corrected 
depth 
(mbsf)

LOI
(%)

SiO2
(%)

TiO2
(%)

Al2O3
(%)

Fe2O3
(%)

MnO
(%)

MgO
(%)

CaO
(%)

Na2O
(%)

K2O
(%)

P2O5
(%)

167-1017E-
1 1H-1, 0-3 0.01 11.44 57.12 0.63 12.87 4.50 0.035 2.35 5.37 2.22 2.45 0.27 
2 1H-1, 3-6 0.04 11.29 57.42 0.63 12.84 4.48 0.036 2.33 5.24 2.29 2.45 0.27 
3 1H-1, 6-9 0.07 11.17 57.35 0.63 12.83 4.37 0.036 2.28 5.23 2.33 2.50 0.26 
4 1H-1, 9-12 0.10 11.47 57.34 0.63 12.70 4.36 0.036 2.28 5.45 2.20 2.47 0.26 
5 1H-1, 12-15 0.13 12.25 57.06 0.61 12.49 4.10 0.035 2.15 5.17 2.30 2.47 0.26 
6 1H-1, 15-18 0.16 11.29 57.38 0.63 12.70 4.39 0.036 2.26 5.66 2.31 2.44 0.26 
7 1H-1, 18-21 0.19 11.15 57.36 0.63 12.85 4.37 0.036 2.28 5.52 2.32 2.48 0.26 
8 1H-1, 21-24 0.22 11.01 57.36 0.64 12.99 4.42 0.036 2.33 5.58 2.34 2.55 0.26 
9 1H-1, 24-27 0.24 10.90 56.87 0.64 12.94 4.42 0.037 2.30 5.43 2.32 2.53 0.25 
10 1H-1, 27-30 0.27 11.47 57.23 0.65 13.17 4.49 0.037 2.38 5.70 2.32 2.52 0.26 

Appendix C.

Volume ratios of clay, fine-silt, and coarse-silt fractions within lithogenic component and modal position of fine-silt fraction of 79 selected samples from
Cores 167-1017E-1H and 2H. 

This is a sample of the table that appears on the volume CD-ROM.

Number
Core, section, 
interval (cm)

Corrected 
depth 
(mbsf)

Fine-silt 
position 
(mm)

Clay 
volume 

(%)

Fine-silt 
volume 

(%)

Coarse silt 
volume 

(%)

167-1017E-
4 1H-1, 9-12 0.10 12.7 12.2 65.9 21.9 
6 1H-1, 15-18 0.16 14.9 10.0 71.0 19.0 
8 1H-1, 21-24 0.22 13.3 9.9 68.6 21.5 

10 1H-1, 27-30 0.27 12.7 10.5 71.1 18.4 
12 1H-1, 33-36 0.33 13.2 11.1 68.2 20.7 
14 1H-1, 39-42 0.39 13.6 12.8 64.5 22.7 
16 1H-1, 45-48 0.45 12.7 11.4 69.6 19.0 
18 1H-1, 51-54 0.50 13.1 10.8 70.4 18.8 
20 1H-1, 57-60 0.56 12.9 11.2 73.1 15.7 
22 1H-1, 63-66 0.62 13.3 13.8 64.6 21.6 

Appendix D.

Loadings of factors 1 to 5 for samples from Cores 167-1017E-1H and 2H.

This is a sample of the table that appears on the volume CD-ROM.

Number
Core, section, 
interval (cm)

Corrected 
depth 
(mbsf)

Factor 
1

Factor 
2

Factor
3

Factor 
4

Factor 
5

167-1017E-
1 1H-1, 0-3 0.01 0.63 0.41 –0.038 0.0035 –0.012 
2 1H-1, 3-6 0.04 0.61 0.43 –0.033 0.0031 –0.013 
3 1H-1, 6-9 0.07 0.59 0.45 –0.028 0.0021 –0.013 
4 1H-1, 9-12 0.10 0.62 0.40 –0.017 0.0034 –0.007 
5 1H-1, 12-15 0.13 0.59 0.41 0.015 0.0012 –0.014 
6 1H-1, 15-18 0.16 0.60 0.42 –0.009 0.0019 –0.012 
7 1H-1, 18-21 0.19 0.60 0.44 –0.025 0.0017 –0.014 
8 1H-1, 21-24 0.22 0.59 0.46 –0.036 0.0016 –0.011 
9 1H-1, 24-27 0.24 0.59 0.47 –0.045 0.0011 –0.012 

10 1H-1, 27-30 0.27 0.62 0.44 –0.047 0.0016 –0.016 
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