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ABSTRACT

During Ocean Drilling Program Leg 188 to Prydz Bay, East Antarctica,
several of the shipboard scientists formed the High-Resolution Inte-
grated Stratigraphy Committee (HiRISC). The committee was estab-
lished in order to furnish an integrated data set from the Pliocene
portion of Site 1165 as a contribution to the ongoing debate about
Pliocene climate and climate evolution in Antarctica. The proxies deter-
mined in our various laboratories were the following: magnetostratigra-
phy and magnetic properties, grain-size distributions (granulometry),
near-ultraviolet, visible, and near-infrared spectrophotometry, calcium
carbonate content, characteristics of foraminifer, diatom, and radiolar-
ian content, clay mineral composition, and stable isotopes. In addition
to the HiRISC samples, other data sets contained in this report are sub-
sets of much larger data sets. We included these subsets in order to pro-
vide the reader with a convenient integrated data set of Pliocene–
Pleistocene strata from the East Antarctic continental margin. The data
are presented in the form of 14 graphs (in addition to the site map).
Text and figure captions guide the reader to the original data sets. Some
preliminary interpretations are given at the end of the manuscript.
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INTRODUCTION

Site 1165 was drilled on Wild Drift, a thick contourite deposit on the
continental rise off Prydz Bay, East Antarctica (64°22.77′S, 67°13.14′E;
3537 m water depth) to a total depth of 999.1 meters below seafloor
(mbsf) (Fig. F1) (O’Brien, Cooper, Richter, et al., 2001). Terrigenous and
hemipelagic sediments of early Miocene–Quaternary age were recov-
ered including a thick section of contourites. Of special interest to sev-
eral members of the shipboard science party and their colleagues is the
uppermost sediment column between 0 and 50 mbsf, which consists of
a section of hemipelagic and pelagic Pliocene–Pleistocene sediments.
The stability of the Antarctic ice sheets during the Pliocene—particu-
larly the Gauss Chron (C2An; 2.581–3.580 Ma)—was and is the subject
of much debate (Robin, 1988; Hodell and Warnke, 1991; Webb and Har-
wood, 1991; Hambrey and Barrett, 1993; Quilty, 1993, 1996; Kennett
and Hodell, 1993; Warnke et al., 1996; Burckle et al., 1996), mainly
based on studies in the Ross Sea/Transantarctic Mountains region.
There are several competing ideas concerning the size and fluctuations
of the Antarctic ice sheets. These range from minimal size to greatly ex-
panded ice volume, from a perennially frozen landscape to one under-
going active modification, from survival of southern beech trees on
Antarctica to environments not supporting higher land plants at all,
and so on. Lately, there seems to have been some convergence of ideas
among some participants in this debate to the effect that expansions of
the ice sheet across the continental shelves took place during brief in-
tervals of time (Whitehead et al., 2001; Bart, 2001). On the topic of ice
volume reduction and retreat of the grounding line, there is less agree-
ment. It is not our intention to review the entire debate here. The
reader is referred to the above publications. A recent description of the
problem, from a “conservative” point of view, is provided by Murphy et
al. (2002). 

For the entire interval of Antarctic cryospheric evolution, the
Pliocene, particularly the early late Pliocene (Piacenzian) is probably the
interval that is least understood and most widely debated. The reason
for this wide range of ideas is the fact that different investigators used
completely different proxies as the bases for their interpretations, and it
was inherently difficult to reconcile the contrasting evidence provided
by these different proxies. 

During Leg 188, it became clear that shipboard scientists were posi-
tioned on all sides of the debate. We realized that Site 1165 contained a
reasonably well preserved (for an Antarctic margin setting) Pliocene
record, particularly the Gauss normal polarity chron including the
Kaena (C2An.1r; 3.040–3.110 Ma) and Mammoth (C2An.2r; 3.220–
3.330 Ma) Subchrons, which are well identified at this site (timescale of
Berggren et al., 1995; Shipboard Scientific Party, 2001). This interval is
important because it contains the PRISM2 (Middle Pliocene Paleoenvi-
ronmental Reconstruction) time slab (3.15–2.85 Ma) described by Dow-
sett et al. (1999). The global ice volume and, consequently, the sea level
stand during this period of past global warmth is important because
both Pliocene ice volume and sea level stand may provide an indication
of how Earth may respond to future global warming (Dowsett et al.,
1999). Because of the importance of this possibility, we organized the
“High-Resolution Integrated Stratigraphy Committee” (HiRISC), whose
members reflect various nuances of the ongoing Pliocene debate. The
goal of this committee is to provide proxy data sets of various parame-

70° 75° 

68° 

66°

66° E 79° 
70°

64°
S

0 100 200 300 400 500 km
1:10000000

2
0 0

002

200

002

002

004

004

00 4

4 0
0

004

40
0

006

600

00

6

60
0

00
6

600

080

00
8 800

8
0

0008

80

0

14 00

1

80 0

20 0 0

2200

2 400

2 6 00

2 600

0062

008
2

28
00

3

00 0

0 00 3

3000

3200 0023

00 23

002
3

002 3

00
2

3

002 3

0043

00 4 3

0043

0043

3
40

0

3 6 0 0

3600

739

740

741

742

743

1167

1166

Amery Ice
Shelf

Mac. Robertson
Land

Prydz Channel Fan

Prydz C
hannel

Sve
nner C

hannel

Amery
Depression

Four Ladies
BankFram

Bank

Cape
Darnley

W
ild D

rift

W
ilkins D

rift

Ingrid
 C

hris
tense

n

Coast

Site
1165

Site

Site

Leg 119 sites

Leg 188 sites

Nanok
Deep

Lambert
Deep

Mercator projection

F1. Location map, p. 20.



D.A. WARNKE ET AL.
DATA REPORT: HIRISC PLIOCENE–PLEISTOCENE INTERVAL 3
ters throughout this interval that can be used by all investigators in
their participation in the Pliocene debate. It is not the aim of the com-
mittee to “solve” the Pliocene problem but rather to provide facts that
can be used by all as they see fit. Sampling was done at 10-cm intervals
(although in places the sampling interval was variable), and most sam-
ples were shared by committee members. Other samples were taken
where needed near the “main samples.” 

The proxies that were determined in our various laboratories were
the following: magnetostratigraphy and magnetic properties, grain-size
distributions (granulometry), near-ultraviolet/visible/near-infrared
(NUV/VIS/NIR) spectrophotometry, calcium carbonate content, charac-
teristics of foraminifer, diatom, and radiolarian content, clay-mineral
composition, and stable isotopes. In addition to the HiRISC samples,
other data sets contained in this report are subsets of much larger data
sets. We included these subsets in order to provide the reader with a
convenient integrated data set of Pliocene–Pleistocene strata from the
East Antarctic continental margin. 

METHODOLOGIES

Magnetostratigraphy

The bulk of the remanence measurements made during Leg 188 were
carried out using a 2G Enterprises (model 760-R) pass-through cryo-
genic magnetometer equipped with pickup coils that enable measure-
ment of the magnetic signal over an interval of ~8 cm (Shipboard
Scientific Party, 2001). Natural remanent magnetization (NRM) was
routinely measured before and after alternating-field (AF) demagnetiza-
tion on all archive-half core sections at 4-cm intervals. Time constraints
permitted analysis with only two or three AF demagnetization steps at
10-, 20-, and 30-mT peak values for most of the core sections. The low
maximum peak AFs ensured that the archive halves remained useful for
shore-based paleomagnetic studies. In a few intervals, the presence of
strong magnetic overprints necessitated progressive demagnetization of
the archive halves up to 60–80 mT. Measurements at the end of each
core section and those within intervals of drilling-related core deforma-
tion and in the vicinity of obvious metamorphic and/or igneous peb-
bles were removed during data processing.

Discrete samples (standard 8-cm3 plastic cubes) were collected from
the working halves of the cores at ~1-m intervals and were analyzed to
verify the reliability of the whole-core measurements on the archive
core halves. If possible, these samples were taken from fine-grained ho-
rizons and sampling was adjusted to avoid intervals with drilling-
related core deformation and pebbles. Most discrete samples were AF
demagnetized at 10, 20, 30, 40, 50, 60, 70, and 80 mT using the in-line
demagnetizer installed on the 2G Enterprises pass-through cryogenic
magnetometer on the ship. A subset of samples was thermally demag-
netized on the ship using a Schonstedt TSD-1 oven. All of the samples
subjected to thermal demagnetization were measured at steps of 20°,
100°, 200°, 300°, 330°, 360°, 400°, 500°, 550°, 600°, 650°, and 700°C.
The magnetic susceptibility was measured after each heating step to
monitor for thermal alteration of magnetic minerals.

The lack of azimuthal orientation for these cores does not pose a
problem for determination of paleomagnetic polarity in our magneto-
stratigraphic studies because the geomagnetic field at the latitude of
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Site 1165 (64.4°S) has a steep inclination (±76.5°, assuming a geocentric
axial dipole field). The paleomagnetic inclinations were determined us-
ing the 20- to 30-mT steps from the long-core measurements and using
principal component analysis (Kirschvink, 1980) for data from multiple
demagnetization steps for discrete samples. The maximum angular de-
viation (MAD) was calculated to provide an estimate of the precision for
each best-fit line. Samples were only included in this study if MAD val-
ues were <10°.

Mineral magnetic analyses were conducted on a set of representative
discrete samples after they had been subjected to AF demagnetization
in order to estimate downcore variations in the composition, concen-
tration, and grain size of magnetic minerals. Low-field magnetic suscep-
tibility (k) was routinely measured for all the discrete samples using a
Bartington Instruments MS2 magnetic susceptibility meter. Further
analyses were made on a selected subset of discrete samples. These
analyses included (1) stepwise acquisition of an isothermal remanent
magnetization (IRM) in fields up to 1.3 T; (2) determination of the coer-
civity of remanence (Bcr) and S-ratio (–IRM [–0.3 T]/IRM [1.3 T]) by pro-
gressively applying increasing backfields up to 300 mT after application
of a forward-field IRM at 1.3 T; and (3) anhysteretic remanent magneti-
zations (ARMs) imparted with a 100-mT AF and a 0.05-mT direct cur-
rent (DC) bias field. For a few samples, we also carried out a stepwise
thermal demagnetization of a composite IRM (Lowrie, 1990) at steps of
20°, 100°, 200°, 300°, 330°, 360°, 400°, 500°, 550°, 600°, 650°, and
700°C. Fields of 1.3, 0.5, and 0.12 T were applied along the x-, y-, and z-
axes of samples to distinguish between high-, intermediate-, and low-
coercivity magnetic phases, respectively. Temperature dependence of
magnetic susceptibility was also measured for selected samples from
room temperatures up to 700°C, using a furnace-equipped Kappabridge
KLY-3 magnetic susceptibility meter (Hrouda, 1994).

Granulometry

 Grain-size separations were carried out using standard methods, as
described in Allen and Warnke (1991). The >63-µm fraction was dry-
sieved into the 63- to 150-µm, 150-µm to 2-mm, and >2-mm fractions.
For the purposes of this report, the 63- to 150-µm and 150-µm to 2-mm
fractions were combined in the accompanying graphs. Analyses of sam-
ples in the depth range of 0–15 mbsf were performed at Stanford Uni-
versity. Analyses of samples in the interval 15–50 mbsf were carried out
at California State University, Hayward.

Calcium Carbonate 

For the HiRISC section in Hole 1165B, we determined the calcium
carbonate content for closely spaced (~10 cm) samples provided by
HiRISC. We used the vacuum gasometric technique of Jones and Kait-
eris (1983) to determine weight percent calcium carbonate content for
all HiRISC samples in Hole 1165B from 0 to 54 mbsf (Fig. F2) (see Da-
muth and Balsam, their table T1, this volume, for sample intervals and
carbonate values). With this technique, a small (~0.25 g) powdered
sample is digested in concentrated phosphoric acid under vacuum and
the pressure generated by the release of CO2 is recorded on a vacuum
gauge. Weight percent CaCO3 is calculated by relating the pressure in-
crease in the sample to the pressure increase in reagent carbonate after
correcting for temperature and pressure. The Jones and Kaiteris (1983)
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technique has an accuracy of about ±1%. As with most techniques used
to determine carbonate, the Jones and Kaiteris (1983) technique com-
bines both polymorphs of CaCO3, calcite, and aragonite, as well as car-
bonate from biogenic and nonbiogenic sources. In most marine settings
dolomite is not a significant contributor to the carbonate component.
The Pleistocene and uppermost Pliocene sediments in this section (0–10
mbsf) show wide fluctuations in carbonate content, ranging from 0 to
37 wt%. Below 10 mbsf the carbonate content is generally zero and
rarely rises to a few weight percent. Most of the values in this interval
are <0.4 wt% and are below the accuracy of the instrument. 

NUV/VIS/NIR Spectral Analysis

NUV/VIS/NIR spectral data were measured from all samples taken
from Sites 1165 and 1167 with our laboratory-grade PerkinElmer
Lambda 6 spectrophotometer at the University of Texas at Arlington
(UTA) (Damuth and Balsam, this volume). Sample preparation fol-
lowed the procedures described by Balsam and Deaton (1991). Reflec-
tance spectrophotometers such as ours are designed to scan different
wavelengths of light reflected from a sample’s surface and record the in-
tensity of that reflected light relative to a white standard (e.g., barium
sulfate) used to set the 100% reflectance level. The PerkinElmer Lambda
6 spectrophotometer uses a reflectance sphere, which is a diffuse reflec-
tance attachment that allows total reflectance measurements to be
made from the near infrared (250 nm) through the visible into the near
ultraviolet (850 nm). The Lambda 6 contains two light sources, a tung-
sten lamp for 350–850 nm and a deuterium lamp for 250–350 nm, a
moving grating (to separate light into different wavelengths), and a
photomultiplier tube (to measure the intensity of light reflected from
the sample surface). Data from the spectrophotometer are recorded di-
rectly on a floppy disk at 1-nm intervals from 250 to 850 nm, the ana-
lytical range of the Lambda 6 in the reflectance mode. Samples were
analyzed using a slit width of 2 nm at a scan rate of 600 nm/min. De-
tails and data tables are presented in the companion paper by Damuth
and Balsam (this volume; their table T2). In the accompanying figures,
we display curves showing brightness downhole as percent brightness,
which is simply brightness values rescaled to 100%. 

Stable Isotopic Analyses

Left-coiling foraminifers of the planktonic species Neogloboquadrina
pachyderma (s.) dominate surface sediment foraminifer assemblages in
polar regions (Bé, 1977) and are used widely in paleoclimatic and pale-
oceanographic studies (e.g., Mackensen et al., 1989; Charles and Fair-
banks, 1990; Hodell, 1993). At Site 1165, N. pachyderma (s.) composes
the large majority of preserved foraminifers from the Pliocene–Pleis-
tocene section and is present in sufficient numbers for stable isotopic
analysis in the upper 16.36 mbsf. Foraminifers are generally well pre-
served, although there is evidence of dissolution (broken tests, holes in
tests, etc.) in some samples that may affect their stable isotopic values.   

Methods

Sediment samples, taken at 20-cm intervals, were soaked in a dilute
Calgon solution, wet sieved, and separated into several fractions (>2
mm, 150 µm–2 mm, 63–150 µm, and <63 µm). All fractions were dried
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in an oven at 50°C. N. pachyderma (s.) specimens were picked from the
>150-µm fraction. Samples in the upper 16.36 mbsf contained suffi-
cient foraminifers for stable isotopic measurements. All remaining sam-
ples (to 50 mbsf) were either barren of foraminifers or, in rare cases, had
poorly preserved foraminifers that were deemed unsuitable for analysis.
All measurements were made at the Stanford University Stable Isotope
Laboratory. Analytical methods and precision are described in Theissen
et al. (this volume). 

Clay Mineral Analyses

X-ray diffraction (XRD) was performed on oriented clay samples. The
sediment samples were first decomposed by ultrasonic vibration then
centrifuged for 1 min to suspend clay minerals (<2 µm). Samples were
then concentrated by centrifugation for 15 min. The separated clay
minerals were treated by standard methods: air-dried, glycolated, and
heated following the technique described by Hardy and Tucker (1988).
Clays were fed to the XRD (Siemens D 5000) at angles from 2° to 32°2θ
(0.02°θ 2/s) immediately after the treatments. The four principal clay
mineral groups have basal spacings at 7 Å (kaolinite and chlorite), 10 Å
(illite), 12–15 Å (smectite), and 14 Å (chlorite), and mixed-layer miner-
als give intermediate or higher values. Ethylene glycol treatment was
used to separate smectite from chlorite. Kaolinite collapses when
heated. In this study chlorite (004) was identified at 3.54 Å and kaolin-
ite (002) at 3.58 Å, and this proportion was used to calculate quantities
of kaolinite and chlorite from the joint peak at 7 Å. MacDiff software
version 4.25 (Petschick, 2001) was used to quantify clay minerals,
which were then used to calculate percentages using weighting factors
(Biscaye, 1964). Since no internal standards were used, the exact accu-
racy is not known; however, the quantitative analyses justify interpreta-
tions of fluctuations which are around ± 2%.

Foraminifer Analyses

Materials and Methods

The section studied is that contained in intervals 188-1165B-1H-1,
0.17–0.21 cm, through 2H-6, 0.66–0.69 cm (0.17–14.96 mbsf). The
lower depth limit is that below which foraminifers are virtually absent.
The following should be considered an amplification of analyses con-
tained in Quilty (this volume).

This study is designed to detect changes in distribution of foramini-
fers and to relate these to other parameters measured as part of the
HiRISC project. Although some quantification is attempted, this should
not be interpreted as a productivity signal, as it probably is more influ-
enced by carbonate dissolution patterns than by productivity.

The site appears to lie within the Antarctic Divergence Zone where
currents are westerly flowing, but the oceanography probably has var-
ied considerably within the timescale under study and it is possible
that, at different times, the area has been both north and south of the
divergence.

Samples studied are those in the 150-µm to 2-mm mesh range, pre-
pared by K. Theissen at Stanford University, California. Sample num-
bers included on Table T1 are those supplied by Ocean Drilling Program
(ODP).

T1. Foraminifers at 0–15 mbsf, Site 
1165, p. 35.
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As many samples are very highly dominated by N. pachyderma
(Ehrenberg), all samples were split to smaller, more manageable, vol-
umes. All foraminifers were manually separated from the smaller sub-
samples, glued down on separate slides, counted, and identified. Data
were compiled in the accompanying table (Table T1), and basic analyses
were carried out.

Factors affecting the accuracy of counts include human error and, es-
pecially, the effects of dissolution and breakage, which influence the
content of fragmented specimens, leading to occasional double count-
ing or even noncounting when fragments pass through the finer sieve
size. 

Whereas the object of the study concerned the foraminifers, records
were kept of other aspects of the residues, such as dominant compo-
nents and presence or absence of trace amounts of sponge or echinoid
remains or of glauconite or volcanic glass. These data also are included
on the accompanying table. 

Taxonomy

Taxonomy of foraminifers follows, where possible, that of Jones
(1994). Osangulariella umbonifera is thus used in place of Nuttallides um-
bonifera. The generic name Cibicides is preferred to Cibicidoides where
relevant. A few species are left in open nomenclature. Unless readily
identifiable, species of Lagena and Fissurina are not differentiated. 

RESULTS

Magnetostratigraphy

Results of the magnetostratigraphic determinations (see the “Supple-
mentary Materials” contents list) are shown in Figures F3 and F4. The
concentration of dependent magnetic parameters is given in Figure F3.
Note that several hiatuses are present but that the Gauss Chron, which
is the subject of much discussion, is well defined, although the top of
the Gauss is missing as at many sites in the Southern Ocean. Figure F4
shows the concentration of independent magnetic parameters that can
be used for mineralogical interpretations. For instance, estimates of the
concentration of ferrimagnetic minerals present in our samples can be
obtained from some parameters such as k (low-field magnetic suscepti-
bility), IRM, and ARM.

Normalizing these parameters by the susceptibility compensates for
variations in concentration and, hence, for example, the kARM (anhyster-
etic susceptibility)/k ratio varies inversely with magnetic particle size
and is therefore a useful granulometric parameter. The interpretation of
this ratio may be complicated by significant amounts of superparamag-
netic or paramagnetic phases.

The S-ratio (S–0.3) is very useful for discriminating ferrimagnetic
grains (such as magnetite) from high-coercivity antiferromagnetic
grains such as goethite (α-FeOOH) or hematite (α-Fe2O3). So, downcore
variations of this parameter may be associated with changing mineral-
ogy. Values close to –1 indicate lower coercivity and a ferrimagnetic
mineralogy (e.g., magnetite); values closer to 0 indicate a higher coer-
civity, possibly an antiferromagnetic (e.g., hematite) mineralogy. Fi-
nally, with the magnetic mineralogy constrained as magnetite, the
ARM/IRM ratio can be used as a magnetic grain-size indicator too, be-
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cause the ARM is more effective in activating finer magnetite grains
than the IRM.

Figure F5 shows the postcruise revised magnetostratigraphy, based
on further laboratory work, and integration with biostratigraphy (ma-
rine diatoms and radiolarians). The essential difference from the ship-
board interpretation is that the Olduvai is now the “fused” Jaramillo
and Olduvai (i.e., Subchrons C1r.1n and C2n are now fused) and the re-
versed interval between those two subchrons is lost in a hiatus. Because
the Pliocene/Pleistocene boundary occurs just above the Olduvai Sub-
chron (Berggren et al., 1995), this boundary must lie in the hiatus
(Florindo et al., in press). Additional disconformities must be present
near 6.1, 14.3, 15.6, and ~16 mbsf (Florindo et al., in press). (See Fig. F3
caption for data sources).

Granulometry

Figure F6 shows the combined results of our granulometric analyses
(see the “Supplementary Materials” contents list). Texturally, all sam-
ples fall in the mud category as follows: mud, sandy mud, slightly grav-
elly mud, and slightly gravelly sandy mud. One sample was gravelly
mud (after Folk, 1980). The preponderance of mud is indicated by the
mud percentage line (only shown for comparison purposes). Sand (area
between the gravel and the gravel and sand lines is present in low abun-
dance) (see below). It increases noticeably in the upper 15 m because of
the presence of (mainly planktonic) foraminifers in the sand-sized frac-
tion.

All samples, regardless of textural classification, have a sand-sized
component (0.0625–2 mm), but many samples are without a gravel
component. Below 15 mbsf, the 0.15- to 2-mm fractions of the sand-
sized components consist primarily of lithogenous (terrigenous) mate-
rial—biogenous components (mainly radiolarians) are rare. Lithoge-
nous components are quartz, feldspar, mafic minerals, lithic fragments
of all three rock families, coal, and so on. Quartz consists of several pop-
ulations, including clear and clouded quartz, quartz with rutile and
other inclusions, and quartz as component of lithic fragments.

Although some quartz grains are well rounded and a few have the
characteristics of wind-blown grains, the vast majority of quartz grains
exhibit the mechanical breakage features such as conchoidal fractures
typical of glacial environments, steplike fractures, and so on. No, or
very little, rounding is discernible on these grains. The preponderance
of quartz grains with “glacial” features suggests that (intermittent) ice
rafting occurred throughout the time interval studied here (see Warnke
et al., 2001).

A remarkable component of the same sand-size fractions is “garnet-
colored” garnet. It is optically indistinguishable from garnet recently
discovered in Pleistocene samples in piston core TN0-57-6-PC4, raised
in the South Atlantic (42°52.1′S, 8°57.7′E; 3751 m), suggesting that ice-
bergs calving from marine termini in Prydz Bay may occasionally reach
that far-distant site (Teitler et al., 2002). Garnet grains show mechanical
breakage features indicative of glacial environments.
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Diffuse Reflectance Spectrophotometry (DRS)

Sediment Brightness Determined from Spectral Data

Sediment brightness (sometimes termed lightness) is calculated as
the area under a spectral curve in the visible (400–700 nm) portion of
the spectrum. Brightness measured in marine sediments commonly
shows a positive correlation with calcium carbonate, especially in pe-
lagic sediments, and thus is sometimes used as a proxy for carbonate
content; however, other factors can also influence brightness (see Bal-
sam et al., 1999, for detailed discussion about interpreting brightness as
a function of carbonate content). Figures F2 and F7 show the brightness
for the HiRISC section (0–54 mbsf) in Hole 1165B. Figure F8 shows per-
cent reflectance curves for six color bands. Note that in the upper 10 m
of the section the brightness seems to correlate with the carbonate con-
tent (Fig. F2). However, for the remainder of the section where carbon-
ate is essentially zero, the brightness also varies widely and thus must
be related to mineralogical components other than carbonate. For ex-
ample, the brightness curve seems to correlate quite well with grain-size
magnetic parameters, bulk density, and natural gamma radiation curves
from the HiRISC section (Figs. F3, F4, F5). In particular, a major change
in sediment properties at the beginning of the late Pliocene in these pa-
rameters is clearly recorded by an overall sharp decrease in brightness
just above 34 mbsf (Figs. F2, F7). 

The brightness for the HiRISC section derived from shipboard mea-
surements using the Minolta CM-2002 spectrophotometer is also
shown in Figure F7. During Leg 188, the Minolta instrument was
mounted on the archive multisensor track (see O’Brien, Cooper, Rich-
ter, et al., 2001, for details) and all spectral measurements were auto-
mated and performed on the archive half of each core. Because of this
automated process, erroneous measurements were commonly made at
gaps, voids, missing intervals of core, and so on. The Minolta data
shown in Figure F7 are an edited subset of the original shipboard data
set from which these erroneous measurements have been deleted as far
as possible (see Damuth and Balsam, this volume). Note that the ship-
board brightness data fluctuations correlate quite well with the Perkin-
Elmer-derived data, except that the brightness for the sediments
measured with the Minolta is consistently lower than those values mea-
sured with the PerkinElmer. We have conducted several studies on cores
from previous ODP legs comparing shipboard Minolta measurements,
which by necessity must be conducted on wet cores, with PerkinElmer
measurements, which must be made on dried, ground core sediments
(Balsam et al., 1997, 1998, 1999; Balsam and Damuth, 2000). These
studies showed that water in the sediments mutes the brightness. How-
ever, when both sets of reflectance curves are processed using a first-de-
rivative transformation, the shipboard and shore-based analyses are
quite similar and suggest that accurate, reliable spectral data can be ob-
tained from wet cores at sea using the Minolta spectrophotometer. 

Interpretation of Sediment Components and Minerals
with DRS Using Factor Analysis

Interpretation of sediment components and minerals was carried out
by factor analysis of the first-derivative values calculated at 10-nm in-
tervals from the percent reflectance values. Details of the methodology,
including background and advantages of VIS spectral analysis are pro-
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vided in Damuth and Balsam (this volume), Balsam and Deaton
(1991), Balsam et al. (1997), and Balsam and Damuth (2000). Damuth
and Balsam (this volume) identified five factors from the sediments at
Site 1165, and we interpret these factors as follows:

Factor 1: goethite and ripidolite, a chlorite mineral; 
Factor 2: organic matter; 
Factor 3: a combination of clay minerals, probably montmorillonite; 
Factor 4: maghemite; and 
Factor 5: hematite. 

See Damuth and Balsam (this volume) for detailed explanation of these
factor interpretations. 

Factor interpretation can be aided by plotting the downhole distribu-
tion of each factor using factor scores, which indicate how important
each factor is in each sample (e.g., Figs. F9, F10, F11, F12, F13). These
downhole factor scores presumably show how the various minerals rep-
resented by each factor vary downhole. Ideally, these downhole plots
are then compared to downhole distributions of various sediment com-
ponents identified by other means (e.g., X-ray diffraction). There are
some important similarities and differences between reflectance data
and data generated by other commonly used analytical techniques such
as XRD. In several ways, reflectance data derived from DRS are similar
to XRD. First-derivative peak height, like the height of X-ray peaks, is a
function of both the concentration of a substance (mineral for XRD)
and the composition of the matrix in which it is found (Deaton and
Balsam, 1991; Balsam et al., 1999). DRS data differ from XRD data in
three important respects. First, DRS is not limited to crystalline mate-
rial; spectra can be obtained from any substance. Second, the heights of
first-derivative peaks are not only a function of mineral concentration
and matrix material but also are a function of the “spectral strength” of
a substance. Some substances (e.g. hematite) have a persistent spectral
signal that is capable of concealing the peaks of other substances. Third,
for some substances, the limits of resolution of DRS differ significantly
from those of XRD. For example, depending on the matrix, hematite
can be detected at a concentration of ~0.01% by weight with DRS,
whereas with XRD, the limit of resolution without special sample prep-
aration is ~1% (Deaton and Balsam, 1991). To date, limits of resolution
with DRS have been determined for only a very few minerals, sediment
components, and combinations of components. For XRD, a similar
statement applies for many minerals and mineral combinations. 

In the HiRISC section of Hole 1165B (0–54 mbsf), factors 1 and 2 ex-
hibit high scores through most of the section, with the exception of a
low in both factors centered at ~30 m (Figs. F9, F10). Factors 3 and 4 ex-
hibit high values primarily below 30 m (Figs. F11, F12). Factor 5 exhib-
its higher-frequency variation than the other factors and, with the
exception of a few points, contains primarily high values below ~10 m
(Fig. F13). Despite apparent similarities in their downhole patterns, few
of the factors are highly correlated to each other. The highest linear cor-
relation is exhibited by factors 2 (organic matter) and 5 (hematite),
which has r2 = 0.51. This correlation is difficult to explain. The next
highest linear correlation is factors 3 (montmorillonite and illite) and 4
(maghemite), which has r2 = 0.36. One possible explanation for this cor-
relation is that the maghemite is being transported with clay minerals
or is produced by the erosion of clays. Factor 1 (goethite and ripidolite)
and factor 5 (hematite) exhibit a linear correlation with r2 = 0.23. Al-
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though hematite and goethite may form at high temperatures by ther-
mal oxidation (Dunlop and Özdemir, 1997), they may also form at low
temperatures by oxidation in soils and during chemical weathering.
Under surficial conditions and especially in soils, hematite and goethite
are end-members of oxidizing chemical processes, with hematite form-
ing under dry and hot conditions and goethite under more humid con-
ditions (Maher, 1998; Maher and Thompson, 1999). There is substantial
overlap in their formation and both are commonly found together. Also
formed by chemical processes taking place in soils and in rock rubble
are a variety of clay minerals. The fact that this factor analysis separates
hematite and goethite into two factors suggests that these minerals
have different sources. Factor 3 (montmorillonite and illite) and factor
5 (hematite) exhibit a linear correlation with r2 = 0.21. As above, one
possible explanation of this correlation is that the hematite is being
transported with clay minerals or is produced by the erosion of clays.
No other factors exhibit linear correlations with r2 > 0.2. 

Stable Isotopes

N. pachyderma (s.) δ18O values range from 3.89‰ to 4.96‰ (see Fig.
F14) and generally increase during the late Pliocene–Pleistocene, re-
flecting the transition to cooler temperatures and globally increased ice
volume (see the “Supplementary Materials” contents list). There ap-
pears to be several glacial–interglacial cycles recorded in this section.
Between the base and what was assumed to be the top of the Olduvai
Subchron (1.95–1.77 Ma; 14.10–6.97 mbsf) during the leg, four glacial–
interglacial cycles are recorded (note, however, that the top of the Oldu-
vai is missing—see above). Based on the location of an unconformity
(at ~6 mbsf) below the Brunhes/Matuyama paleomagnetic reversal (0.78
Ma; 5.37 mbsf), much of the early Pleistocene is missing. The glacial–in-
terglacial cycle recorded above needs further investigation. An uncon-
formity occurs at ~3 mbsf, based on the jump in values, and further age
control will be necessary to identify the glacial–interglacial periods
above this point. 

N. pachyderma (s.) δ13C values range from –0.344‰ to 0.259‰ and
fluctuate in accordance with δ18O changes. During the inferred intergla-
cial periods δ13C values are generally higher, indicating an increase in
primary production that leaves surface waters enriched in 13C due to
the preferential uptake of 12C. The small amplitude of glacial–intergla-
cial δ13C changes (0.4‰) suggests that changes in surface water primary
production were relatively small in the region during the late Pliocene–
Pleistocene. 

Clays

Results of the clay mineral analyses (see the “Supplementary Mate-
rials” contents list) are shown in Figure F15. All results are plotted
against depth. The clay mineral assemblages are dominated by smectite,
illite, and kaolinite. The smectite concentration is variable, with values
mainly between 0% and 30%. Illite fluctuates less; concentrations are
mainly 50%–80%, and kaolinite varies mainly between 10% and 20%.
Chlorite concentrations are mainly 0%–10%.
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Cyclicity of Clay Mineral Assemblages during the Late 
Quaternary 

Late Quaternary variations of clay mineral assemblages deposited on
the continental rise off Prydz Bay show possible cyclicity with higher
smectite concentrations during prominent interglacials. We presume
that the cyclicity in clay mineral assemblages observable in Prydz Bay is
the same type that was observed in the area of the Antarctic Peninsula
(Hillenbrand, 2000). Smectite decreases and chlorite increases from 50
to 0 mbsf. Chlorite concentrations mirror slightly the smectite varia-
tions. 

In general, during interglacial periods smectite is delivered by bot-
tom-current transport along the continental rise. The decrease of smec-
tite during glacial periods may be a consequence of climate-induced
changes in depositional processes on the margin (see Pudsey and Cam-
erlenghi, 1998; Rebesco et al., 1998; Hillenbrand, 2000; Pudsey, 2000;
see also Grobe and Mackensen, 1992). 

Pliocene to Quaternary Clay Mineral Assemblages
in Sediments at Site 1165 

According to the existing age model, the stratigraphic sequence of
Site 1165 (uppermost 50 mbsf) extends back to ~5.0 Ma. Throughout
this interval, the clay mineral content is characterized by major fluctua-
tions of individual clay minerals, particularly smectite and chlorite.
Short-term cyclic changes in clay mineral assemblages deposited at Site
1165 occur throughout the Pliocene and Quaternary independent of
changes in the clay content. We note that changes in clay mineral com-
position are also reflected in the other proxies, described earlier. For in-
stance, the noticeable change detected both by rock magnetic
investigations and spectrographic methods at ~34 mbsf is clearly indi-
cated in the composition of the clay mineral suite. At this level, smec-
tite decreases whereas kaolinite increases. Illite and chlorite also show
variability. In particular, there is a slight but persistent increase in chlo-
rite.

Foraminifer Analyses

The section studied lies in the latest Pliocene–Pleistocene, but a large
section (1.70–9.25 mbsf) has not been zoned. Foraminifer faunas are
very highly dominated by Neogloboquadrina pachyderma (Ehrenberg),
commonly to ≥99.5%, suggesting that benthic productivity was gener-
ally low. This is consistent with the very low content of infaunal spe-
cies. Planktonic percentages significantly less than 99.5% are due to
preferential dissolution of planktonic specimens. Many residues consist
very dominantly of N. pachyderma with little other content. 

The section can be divided into the following intervals on the basis
of variation in planktonic percentage, absolute counts of specimens,
and features of the benthic fauna (Table T1):

1. Surface–0.95 mbsf: characterized by high planktonic numbers
and high planktonic percentages, with modest exceptions at
0.57 and 0.95 mbsf. Residues are dominated by biogenic mater-
ial, but this varies between foraminifers and radiolarians. This
section lies within the Thalassiosira lentiginosa Zone, which is
younger than 0.66 Ma (Shipboard Scientific Party, 2001).
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2. 1.17–6.27 mbsf: characterized by low planktonic numbers and
generally high planktonic percentages, with modest exceptions
at 1.37, 1.97, 3.87, 4.07, and 4.77 mbsf, where planktonic num-
bers are higher. Residues are dominated by terrigenous sediment.
Very few contain manganese oxides, but this accessory increases
toward the base of the interval. To 1.70 mbsf, this section is at-
tributed to the T. lentiginosa Zone. There is a hiatus at ~6 mbsf,
but the section remains unzoned paleontologically. 

3. 6.47–11.76 mbsf: characterized by high planktonic numbers and
generally high planktonic percentages with exceptions at 8.87
and 9.97 mbsf and a general decline in planktonic numbers be-
low 11.96 mbsf. Samples are dominated by N. pachyderma, and
radiolarians are virtually absent from the samples. Benthic fora-
minifers are more abundant and diverse than in the sections
above and below. It is the only section in which Cibicides is a sig-
nificant component. The section to 9.25 mbsf remains unzoned
paleontologically. Below that depth, it has been assigned to the
Fragilariopsis kerguelensis Zone of the late Pliocene–early Pleis-
tocene. Globorotalia puncticulata, indicating some “warmth,” oc-
curs at 7.50 mbsf within this section.

4. 11.76 mbsf–base: characterized by low planktonic numbers and
generally reduced planktonic percentages, but the figures are
somewhat erratic toward the barren part of the section deeper
than 15 mbsf. There is a transition interval at 11.57–13.27 mbsf
in which dominance by terrigenous sediment or N. pachyderma
varies from sample to sample. Osangulariella umbonifera and Ala-
baminoides exiguus are the only constant benthic foraminifer
components. Radiolarians are more important than in the inter-
val above but still generally are present in trace amounts. Man-
ganese oxides become more important components of residues
through this interval. This section also has been assigned to the
F. kerguelensis Zone.

Intervals 2 and 4 are strongly influenced by carbonate dissolution and
represent times of greater impact of undersaturated seawater.

Throughout the section, the benthic fauna is dominated by the same
species, namely, A. exiguus, O. umbonifera, Melonis pompilioides, and Fis-
surina spp. Pullenia spp. and agglutinated species are noteworthy at
some intervals. Other species are less consistent in their occurrence. In-
faunal species are rare throughout, suggesting that nutrient flux to the
seafloor was limited.

Depth Migration of Benthic Species?

The constant appearance together of O. umbonifera, M. pompilioides,
and A. exiguus is very strong evidence that the benthic fauna is in situ
and that there has been no transport of benthic species from shallower
depths to the site of deposition. These species together are taken by van
Morkhoven et al. (1986) as markers of abyssal environments deeper
than 2000 m. Many other benthic species recorded here have depth
ranges shallower than 2000 m as their shallower limit, and they are to
be expected in abyssal faunas.
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Carbonate Compensation Depth Influences

The site was drilled in 3537 m water depth, ~270 km north of the
continental shelf edge, taken as being the 500-m isobath. The carbonate
compensation depth (CCD) in upper continental slope depths is at
~1500 m (Quilty, 1985; Poisson et al., 1987), and thus the site of Site
1165 is expected, at first sight, to be well below the current CCD. This
assumption may be incorrect because of the complexities of local
oceanography, including the formation of some Antarctic Bottom
Water in Prydz Bay and its northwesterly flow, possibly over the drill
site (Shipboard Scientific Party, 2001).

It seems clear that the major influence on preservation or destruction
of the carbonate fossils is variation in the depth of the CCD, possibly
modified by the time of exposure of the seafloor to undersaturated
water. 

Sedimentation Rate Variation and Hiatuses 

A hiatus was recorded at ~6 mbsf by the Shipboard Scientific Party
(2001), and the possibility of other short hiatuses was mentioned (see
also above). None are significant enough to have any obvious impact
on the sedimentation rate curve at the scale produced by Shipboard Sci-
entific Party (2001), but there must be some impact at a greater level of
differentiation.

PRELIMINARY CONCLUSIONS

Although detailed interpretations of the combined data sets must
await further work, a few conclusions can be presented at this time. In
the whole debate about Antarctic cryospheric evolution during the
Pliocene, some authors have classified all authors as belonging to one
of two categories: “dynamicists” and “stabilists.” Such labels should be
abandoned because if we ask, “Who is right, the stabilists or the dynam-
icists?” The answer must be “both” (see also Quilty, 1996): there is no
doubt about the antiquity of landscape features and glacial ice in the
mountains near the Dry Valleys as proposed (e.g., Marchant and Lewis,
2002), based on 75 laser-fusion age dates of ash fall deposits and numer-
ous cosmogenic-nuclide analyses of boulders. At the same time, the in-
terpretation of seismic lines and stable isotopic records (e.g., Hart,
2001) suggests that the margin of the ice sheet has advanced and re-
treated across the continental margin several times during the Pliocene,
suggesting a dynamic behavior, at least of the ice sheet margin. In addi-
tion, field work in the Vestfold Hills (Soersdal Formation) suggests that
during parts of the early Pliocene the ice sheet grounding line was far
landward of its present location (Whitehead et al., 2001). However, ver-
tical movements of the coastal area need to be better constrained for an
evaluation of absolute grounding-line movements. 

Our analyses likewise suggest a dynamic behavior of the ice sheet
margin, reflected by the somewhat surprising fluctuations in all mea-
sured parameters, particularly magnetic parameters, brightness and
color, stable isotopes, and clays and clay mineral composition. For in-
stance, at 34 mbsf, brightness, ARM, k, and ARM/IRM all change. Smec-
tite percent decreases upsection while kaolinite percent increases. Most
investigators agree that these changes reflect changes in the specific lo-
cation of the source area within the Lambert Graben drainage area. This
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conclusion is in agreement with similar conclusions drawn by the Ship-
board Scientific Party (2001) for the older Miocene portion of Site 1165.
The remarkable change at 34 mbsf occurred in the lowermost normal
interval of the Gauss Chron, at ~3.4–3.5 Ma(?). A correlation with
nearby drill sites of ODP Legs 119 and 120 is not immediately obvious,
perhaps because the review of the results of these sites (Ehrmann et al.,
1992) essentially dealt with the “big picture” of Antarctic climate evolu-
tion. In addition, there are sites on the Kerguelen Plateau that yielded a
record of ice rafting for the last 10 m.y. (Ehrmann et al., 1992). The
combined Sites 745/74 show a strong influx of ice-rafted debris at 4.5–
4.3 Ma. Site 751 shows an increase in ice rafting at 3.2–2.9 Ma. None of
these records can be confidently correlated with ours. 

Going farther afield, we speculate that the “big change” at Site 1165
at 34 mbsf may be coeval with the beginning of ice rafting at Leg 114
Site 704 in the South Atlantic. This beginning occurred during marine
isotope Stage (MIS) MG2 and suggests a drop in sea-surface temperature
at that location (i.e., a northward movement of the polar frontal sys-
tems). 

In the HiRISC interval at Site 1165, starting from the bottom, smec-
tite percent decreases upsection to ~34 mbsf. Above a transitional inter-
val from ~34 to ~22 mbsf the clay mineralogy is characterized by a
smectite-poor assemblage. Illite concentrations do not seem constant
but fluctuate in concert (antiparallel) with smectite. At this stage, we
have no straightforward explanation for these changes. A possible ex-
planation is that there were temporal variations in supply from the
source rocks (for example, by progressive erosion through successive
units in the source area or by switching of source regions). A second ex-
planation is that these changes possibly reflect a climatic modulation of
weathering type and transport mechanism of these sediments. The clay
mineral assemblage and the likely presence of maghemite below ~35
mbsf (factor 4) may be due to enhanced pedogenesis associated with a
relatively warmer and wetter climate. If our “weathering hypothesis” is
correct, then this observation further supports the hypothesis that the
change at 34 mbsf may coincide with the beginning of ice rafting ob-
served at Site 704 in the South Atlantic during MIS MG2. Details,
causes, and correlations of these changes must still be worked out.

Another important result of detailed, integrated magnetostrati-
graphic and biostratigraphic work is the identification of significant hi-
atuses (i.e., 100 k.y. or more) within the HiRISC interval, suggesting
occasional strong erosional events on the continental rise. Similar con-
clusions were recently drawn by Escutia et al. (2003) for the continental
rise area off Wilkes Land, East Antarctica.

Our cooperative research will hopefully continue. Some of the
changes indicated in the integrated data set for the East Antarctic Ice
Sheet need to be better constrained, characterized, and correlated with
events on the Antarctic Peninsula (West Antarctic Ice Sheet) and else-
where. 
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Figure F1. Location map. 
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Figure F2. Calcium carbonate content and brightness curves for the HiRISC section of Hole 1165B (see Da-
muth and Balsam, this volume, their table T1, for sample locations and values).
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Figure F4. Concentration-independent parameters as a function of stratigraphic depth for the uppermost
54 m at Site 1165. Normalized anhysteretic susceptibility by low-field susceptibility (kARM/k). Anhysteretic
remanent magnetization/isothermal remanent magnetization (ARM/IRM) ratio. S-ratio (IRM[–0.3 T]/
IRM[1 T]). (See the “Supplementary Materials” contents list for data.)
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Figure F5. Magnetostratigraphic record from Site 1165 for 0–50 mbsf. The paleomagnetic inclination is
shown after demagnetization at 20–30 mT for the split cores (solid line) along with characteristic remanent
magnetization (ChRM) data for stepwise-demagnetized discrete samples (open squares). Polarity is shown
on the log to the right. Black (white) = normal (reversed) polarity. Marine diatom and radiolarian datums
are used to constrain the interpretation. The geomagnetic polarity timescale is from Berggren et al. (1995).
(see Fig. F3, p. 22, for data sources)
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Figure F6. Granulometry of the HiRISC interval. Area below the gravel line is gravel, area below the gravel
+ sand line is gravel and sand, and remaining area is gravel, sand, and mud. The mud% line is for emphasis
only. Note the increase in the sand component above 15 mbsf and particularly above 10 mbsf, signifying
the occurrence of foraminifers in the sand-sized fraction. (See the “Supplementary Materials” contents
list for granulometric data.)
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Figure F7. Curves showing changes in brightness down the HiRISC section (0–54 mbsf) of Hole 1165B. The
red curve was determined from dry, ground-up core samples using the PerkinElmer Lambda 6 spectro-
photometer, whereas the green curve was determined from shipboard measurements on wet cores using
the Minolta CM-2002 spectrophotometer (see Damuth and Balsam, this volume, their table T2, for sample
locations and values). 
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Figure F8. Percent reflectance for six color bands (violet, blue, green, yellow, orange, and red) down the
HiRISC section (0–54 mbsf) of Hole 1165B (see Damuth and Balsam, this volume, their table T1, for sam-
ple locations and values). 
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Figure F9. Factor scores for factor 1 (goethite and ripidolite) down the HiRISC section of Hole 1165B (see
Damuth and Balsam, this volume, their table T1, for sample locations and values).
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Figure F10. Factor scores for factor 2 (organic matter) down the HiRISC section of Hole 1165B (see Damuth
and Balsam, this volume, their table T1, for sample locations and values).
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Figure F11. Factor scores for factor 3 (montmorillonite and illite) down the HiRISC section of Hole 1165B
(see Damuth and Balsam, this volume, their table T1, for sample locations and values).
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D.A. WARNKE ET AL.
DATA REPORT: HIRISC PLIOCENE–PLEISTOCENE INTERVAL 31
Figure F12. Factor scores for factor 4 (maghemite) down the HiRISC section of Hole 1165B (see Damuth
and Balsam, this volume, their table T1, for sample locations and values).
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D.A. WARNKE ET AL.
DATA REPORT: HIRISC PLIOCENE–PLEISTOCENE INTERVAL 32
Figure F13. Factor scores for factor 5 (hematite) down the HiRISC section of Hole 1165B (see Damuth and
Balsam, this volume, their table T1, for sample locations and values).
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D.A. WARNKE ET AL.
DATA REPORT: HIRISC PLIOCENE–PLEISTOCENE INTERVAL 33
Figure F14. Stable isotopes for the upper HiRISC interval based on Neogloboquadrina pachyderma (s). See text
for explanation. PDB = Peedee belemnite. (see the “Supplementary Materials” contents list for isotopic
data.)
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D.A. WARNKE ET AL.
DATA REPORT: HIRISC PLIOCENE–PLEISTOCENE INTERVAL 34
Figure F15. Clay mineral distribution for the HiRISC interval. See text for explanation. (see the “Supple-
mentary Materials” contents list for clay mineral data.)
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8684 X X X X
8686 X X
8688 X X
8690(1 X X
8692 X
8694
8696 X X X
8698 X
8700
8702 X
8704
8706
8708
8710
8712
8714
8716 X X
8718 X X
8720 X
8722 X X X X
8724 X X
8728
8730 X
8732 X
8734 X
8736
8738
8740 X
8742 X X
8816 X
8818
8820 X X
8822
8824 X X X X
8826 X X
8828 X X
8830 X
T1. List of foraminifers at Site 1165 in the 0- to 15-mbsf interval. (See table notes. Continued on next three pag
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188-1165B-
1H-1, 17–21 0.17 64 1,062 15 98.6 70,000 8.91 7,856 7,746 X X
1H-1, 37–40 0.37 32 606 28 95.6 20,000 X
1H-1, 57–61 0.57 16 148 2 98.7 2,300 4.71 488 482

) 1H-1, 77–81 0.77 256 1,777 5 99.7 454,000 18.68 123 123 X X
1H-1, 95–100 0.95 16 244 3 98.8 3,900
1H-1, 117–120 1.17 16 1 0 100 16
1H-1, 137–140 1.37 128 1,210 6 99.5 155,000 8.47 18,300 18,208 X
1H-2, 6–9 1.56 16 2 2 50 32 10.17 3 1.5 X
1H-2, 27–30 1.77 8 6 0 100 40 11.14 3.6 3.6
1H-2, 47–50.5 1.97 128 799 6 99.2 102,000 X X
1H-2, 66–71 2.16 16 26 0 100 400 24.39 16 16
1H-2, 87–89.5 2.37 8 1 0 100 8 17.45 0.5 0.5
1H-2, 95–100 2.45 8 29 0 100 200
1H-2, 116.5–120 2.66 16 1 0 100 16
1H-2, 137–139.5 2.87 16 34 0 100 500 12.02 42 42
1H-3, 6–9 3.06 16 23 0 100 400
1H-3, 27–30 3.27 16 40 15 72.3 640 X X
1H-3, 47–49.5 3.47 16 136 20 87.2 2,200 14.01 157 137 X X X
1H-3, 67–71 3.67 16 31 3 91.2 500 10.06 50 46
1H-3, 87–89.5 3.87 16 878 22 97.6 12,000 X X X
1H-3, 106.5–110 4.07 64 743 6 99.2 47,500 8.64 5,500 5,456 X X
1H-3, 137–140.5 4.37 16 36 12 75 600 9.04 66 49
1H-4, 7–9.5 4.57 8 10 17 37 80 13.91 6 2 X
1H-4, 27–30 4.77 64 810 13 98.4 52,000 X X
1H-4, 47.5–50 4.97 16 19 0 100 300 8.55 35 35
1H-4, 67–70 5.17 8 1 2 33.3 8 13.02 6 2
1H-4, 87–89.5 5.37 8 42 3 93.3 300 11.73 26 24
1H-4, 106.5–110 5.57 8 59 4 93.6 500 15.98 31 29 X
1H-4, 127–130 5.77 8 44 19 69.8 400 X
1H-5, 6.5–9 6.07 8 44 9 83 400 X
1H-5, 27–29.5 6.27 8 3 0 100 24
1H-5, 47.5–50 6.47 64 1,129 15 98.7 72,000 X
1H-5, 65–68 6.65 64 1,202 9 99.3 77,000 10.48 7,347 7,295 X X X X X
2H-1, 17–20 6.97 64 1,385 22 98.4 89,000 11.9 7,479 7,359 X X X X X
2H-1, 37–39.5 7.17 128 2,251 12 99.5 288,000 X X X X
2H-1, 57–60 7.37 256 1,188 14 98.8 304,000 9.6 31,666 31,286 X X X
2H-1, 77–80 7.57 128 1,107 10 99.1 142,000 9.19 15,451 15,311 X X X X
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Table T1 (continued). 
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188-1165B-
1H-1, 17–21 0.17 64 1,062 15 98.6 70,000 8.91 7,856 7,746 X X P tr GES
1H-1, 37–40 0.37 32 606 28 95.6 20,000 X R dom.
1H-1, 57–61 0.57 16 148 2 98.7 2,300 4.71 488 482 R/T dom. V

) 1H-1, 77–81 0.77 256 1,777 5 99.7 454,000 18.68 123 123 X P tr T
1H-1, 95–100 0.95 16 244 3 98.8 3,900 T m GEV
1H-1, 117–120 1.17 16 1 0 100 16 T c GS
1H-1, 137–140 1.37 128 1,210 6 99.5 155,000 8.47 18,300 18,208 P ET
1H-2, 6–9 1.56 16 2 2 50 32 10.17 3 1.5 R dom. AfVS
1H-2, 27–30 1.77 8 6 0 100 40 11.14 3.6 3.6 T c S
1H-2, 47–50.5 1.97 128 799 6 99.2 102,000 P GS
1H-2, 66–71 2.16 16 26 0 100 400 24.39 16 16 T m GS
1H-2, 87–89.5 2.37 8 1 0 100 8 17.45 0.5 0.5 T
1H-2, 95–100 2.45 8 29 0 100 200 T m
1H-2, 116.5–120 2.66 16 1 0 100 16 T tr G
1H-2, 137–139.5 2.87 16 34 0 100 500 12.02 42 42 T tr
1H-3, 6–9 3.06 16 23 0 100 400 T MnG
1H-3, 27–30 3.27 16 40 15 72.3 640 T tr E
1H-3, 47–49.5 3.47 16 136 20 87.2 2,200 14.01 157 137 X T tr GE
1H-3, 67–71 3.67 16 31 3 91.2 500 10.06 50 46 T tr E
1H-3, 87–89.5 3.87 16 878 22 97.6 12,000 X X PT tr E
1H-3, 106.5–110 4.07 64 743 6 99.2 47,500 8.64 5,500 5,456 P tr E
1H-3, 137–140.5 4.37 16 36 12 75 600 9.04 66 49 T m GS
1H-4, 7–9.5 4.57 8 10 17 37 80 13.91 6 2 X T tr E
1H-4, 27–30 4.77 64 810 13 98.4 52,000 P m ES
1H-4, 47.5–50 4.97 16 19 0 100 300 8.55 35 35 T c E
1H-4, 67–70 5.17 8 1 2 33.3 8 13.02 6 2 T r G
1H-4, 87–89.5 5.37 8 42 3 93.3 300 11.73 26 24 T m G
1H-4, 106.5–110 5.57 8 59 4 93.6 500 15.98 31 29 T MnGE
1H-4, 127–130 5.77 8 44 19 69.8 400 T c GEMnS
1H-5, 6.5–9 6.07 8 44 9 83 400 X T m G
1H-5, 27–29.5 6.27 8 3 0 100 24 T m G* 0.78
1H-5, 47.5–50 6.47 64 1,129 15 98.7 72,000 P tr GE
1H-5, 65–68 6.65 64 1,202 9 99.3 77,000 10.48 7,347 7,295 P MnGE
2H-1, 17–20 6.97 64 1,385 22 98.4 89,000 11.9 7,479 7,359 X X P GE 1.77
2H-1, 37–39.5 7.17 128 2,251 12 99.5 288,000 P
2H-1, 57–60 7.37 256 1,188 14 98.8 304,000 9.6 31,666 31,286 X P
2H-1, 77–80 7.57 128 1,107 10 99.1 142,000 9.19 15,451 15,311 X P GEMn
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Notes: P ce, r = rare, m = minor, c = com-
mon  glass. 
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8832 X
8834 X
8836
8838 X X
8840 X
8842
8844
8846 X X
8848 X
8850 X X
8852 X
8854 X
8856 X
8858
8860 X X
8862 X X
8864 X
8914 X
8916 X X
8918 X X X
8920 X X
8922 X
8924
8926 X X X
8942 X
8944
8946
8948
8950
8952 X
8954 X
8928 X X
8930 X X
8932
8934
T1 (continued). 

 = pachyderma dominant, T = terrigenous dominant, P/T = pachyderma dominant over terrigenous, R = radiolarians dominant. Radiolarians: tr = tra
, dom. = dominant. Accessories: G = glauconite, E = echinoid spines, S = sponge spicules, B = Bone, T = teeth, Mn = Manganese oxides, V = volcanic
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2H-1, 97–101 7.77 128 1,414 5 99.6 181,000 7.46 24,263 24,166 X X X
2H-1, 117–119.5 7.97 128 919 4 99.6 118,000 6.4 18,438 18,364 X X
2H-1, 137–140 8.17 64 964 1 99.9 61,000 3.94 15,482 15,467 X
2H-2, 17–21.5 8.47 128 1,760 4 99.8 224,000 12.52 17,891 17,855 X
2H-2, 37–40 8.67 128 169 7 99.6 242,000 12.94 18,701 18,626 X X X X
2H-2, 57–60 8.87 32 585 1 99.8 18,700 10.64 1,758 1,754
2H-2, 77–80 9.07 32 0 1 0 0 9.73 0 0 X
2H-2, 97–101 9.27 256 1,169 12 99 297,000 16.29 18,232 18,950 X X X X
2H-2, 117–120 9.47 128 1,194 2 99.8 153,000 11.42 13,398 13,371 X
2H-2, 137–140 9.67 128 1,412 7 99.5 181,000 X X
2H-3, 17–21 9.97 32 385 5 98.7 12,300 8.57 1,435 1,416 X
2H-3, 37–40.5 10.17 128 1,360 2 99.8 174,000 X
2H-3, 57–59.5 10.37 64 920 1 99.9 59,000 12.49 4,724 4,719
2H-3, 77–80 10.57 32 1,201 2 99.8 38,400 12.74 3,014 3,008 X
2H-3, 96–100 10.76 16 1,322 4 99.7 21,000 9.42 2,229 2,222 X X
2H-3, 117–119.5 10.97 32 1,564 11 99.3 50,000 13.96 3,582 3,557 X X X
2H-3, 137–139.5 11.17 16 964 3 99.7 15,500 7.36 2,106 2,100 X X
2H-4, 6–8.5 11.36 32 1,218 2 99.8 39,000 X
2H-4, 27–29.5 11.57 16 1,116 16 98.6 18,000 14.02 1,284 1,266 X X X
2H-4, 46–49 11.76 32 1,467 12 99.2 47,000 X
2H-4, 66–69 11.96 16 863 11 98.7 13,800 X X X
2H-4, 86–89 12.16 32 660 3 99.5 21,100 18.21 1,159 1,153 X
2H-4, 106–109 12.36 32 0 0 0 0 17.78 0 0
2H-4, 126–128.5 12.56 8 573 7 97.1 4,600 9.4 489 475 X X X
2H-5, 6–8.5 12.86 16 346 1 99.7 5,500 9.07 606 604
2H-5, 27–29.5 13.07 16 139 0 100 2,200 14.86 13 13
2H-5, 47–49.5 13.27 8 321 1 99.7 2,500 X
2H-5, 66–69 13.46 4 4 1 80 16
2H-5, 86.5–86.9 13.66 4 87 0 100 300
2H-5, 106–110 13.86 16 11 4 73.3 200 14.54 14 10 X
2H-5, 117–119.5 13.97 16 8 3 72.7 100 9.9 10 7
2H-6, 6–8.5 14.36 8 6 3 66.7 48 9.09 5 3
2H-6, 27–29.5 14.57 16 3 2 60 48
2H-6, 46–49 14.76 16 1 2 33.3 16 9.44 1.7 0.6
2H-6, 66–69 14.96 16 0 0 0 0 9.37 0 0
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Table T1 (continued). 
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8920 n
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2H-1, 97–101 7.77 128 1,414 5 99.6 181,000 7.46 24,263 24,166 P EMn
2H-1, 117–119.5 7.97 128 919 4 99.6 118,000 6.4 18,438 18,364 P E
2H-1, 137–140 8.17 64 964 1 99.9 61,000 3.94 15,482 15,467 P Mn
2H-2, 17–21.5 8.47 128 1,760 4 99.8 224,000 12.52 17,891 17,855 P E
2H-2, 37–40 8.67 128 169 7 99.6 242,000 12.94 18,701 18,626 X P Mn
2H-2, 57–60 8.87 32 585 1 99.8 18,700 10.64 1,758 1,754 X P/T tr
2H-2, 77–80 9.07 32 0 1 0 0 9.73 0 0 T r GS
2H-2, 97–101 9.27 256 1,169 12 99 297,000 16.29 18,232 18,950 P EMn
2H-2, 117–120 9.47 128 1,194 2 99.8 153,000 11.42 13,398 13,371 P EMn
2H-2, 137–140 9.67 128 1,412 7 99.5 181,000 X P tr EMn
2H-3, 17–21 9.97 32 385 5 98.7 12,300 8.57 1,435 1,416 P Mn
2H-3, 37–40.5 10.17 128 1,360 2 99.8 174,000 P MnG
2H-3, 57–59.5 10.37 64 920 1 99.9 59,000 12.49 4,724 4,719 P EGT
2H-3, 77–80 10.57 32 1,201 2 99.8 38,400 12.74 3,014 3,008 P Mn
2H-3, 96–100 10.76 16 1,322 4 99.7 21,000 9.42 2,229 2,222 P E
2H-3, 117–119.5 10.97 32 1,564 11 99.3 50,000 13.96 3,582 3,557 P SMn
2H-3, 137–139.5 11.17 16 964 3 99.7 15,500 7.36 2,106 2,100 P EMn
2H-4, 6–8.5 11.36 32 1,218 2 99.8 39,000 P E
2H-4, 27–29.5 11.57 16 1,116 16 98.6 18,000 14.02 1,284 1,266 T/P EMn
2H-4, 46–49 11.76 32 1,467 12 99.2 47,000 P/T ES
2H-4, 66–69 11.96 16 863 11 98.7 13,800 X T/P GEM
2H-4, 86–89 12.16 32 660 3 99.5 21,100 18.21 1,159 1,153 X P/T E
2H-4, 106–109 12.36 32 0 0 0 0 17.78 0 0 T m
2H-4, 126–128.5 12.56 8 573 7 97.1 4,600 9.4 489 475 T/P E
2H-5, 6–8.5 12.86 16 346 1 99.7 5,500 9.07 606 604 PT tr
2H-5, 27–29.5 13.07 16 139 0 100 2,200 14.86 13 13 X T/P
2H-5, 47–49.5 13.27 8 321 1 99.7 2,500 T/P
2H-5, 66–69 13.46 4 4 1 80 16 X T tr Mn
2H-5, 86.5–86.9 13.66 4 87 0 100 300 T tr Mn
2H-5, 106–110 13.86 16 11 4 73.3 200 14.54 14 10 X T c E
2H-5, 117–119.5 13.97 16 8 3 72.7 100 9.9 10 7 T tr S
2H-6, 6–8.5 14.36 8 6 3 66.7 48 9.09 5 3 T tr EMn
2H-6, 27–29.5 14.57 16 3 2 60 48 T tr G
2H-6, 46–49 14.76 16 1 2 33.3 16 9.44 1.7 0.6 X T tr S
2H-6, 66–69 14.96 16 0 0 0 0 9.37 0 0 T tr
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