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ABSTRACT

This paper presents an overview of the physical properties and sedimentologic results from six Ocean Drilling Program Leg
151 sites cored on the Iceland Plateau (Hole 907A), in the Fram Strait region (Sites 908 and 909), and on the Yermak Plateau
(Sites 910-912). The primary objective of this paper is to determine to what extent wet bulk density measured using the
gamma-ray attenuation porosity evaluator (GRAPE) can be used to interpret textural and compositional changes in sediment
accumulation at the various sites around the Nordic Seas and Arctic Ocean. To accomplish this objective, we have first estab-
lished quantitative relationships between discrete measurements of bulk density and GRAPE bulk density at nine holes and
have evaluated the frequency distribution of GRAPE bulk density data at the same holes to detect significant differences
between sites. We have also evaluated the frequency distribution of magnetic susceptibility data at these holes because this rock
magnetic parameter is most often used in combination with GRAPE measurements for correlation purposes. These two param-
eters are also used for evaluating compositional and textural changes in sedimentary inputs.

Composite depth profiles have been developed for three sites (Sites 908, 909, and 911) using both GRAPE bulk density and
magnetic susceptibility measurements made on cores from multiple, adjacent holes at these sites. The composite depth profiles
provide a more continuous record of property variations in the upper 100 meters below seafloor at a given site than is provided
by the data collected at a single hole. The composites also provide the framework for more detailed paleoceanographic and
paleoclimatic analyses of the records from these sites (i.e., spectral analysis of time series, astronomic tuning of records, etc.).
These activities will be pursued in future contributions related to these data.

Efforts have been made to identify the sources of variation in the GRAPE bulk density records, and to a lesser extent the
magnetic susceptibility records, using the available "ground truth" provided by sedimentologic analyses of discrete samples
from selected holes. Textural and mineralogic analyses are compared to GRAPE bulk density records to identify to what extent
we are able to explain the density fluctuations in terms of (1) changes in the accumulation of coarse-grained material in various
grain-size subfractions, which are primarily transported to the deep sea by sea ice and icebergs during glacial intervals and are
influenced by oceanic currents to varying extents, and (2) by changes in the mineralogy and in the relative percentages of vari-
ous sedimentary inputs, which may provide information about changing source regions for these materials between glacial and
interglacial periods in the Nordic Seas and Arctic Ocean.

INTRODUCTION

Physical Properties of Sediments Derived
from Multi-Sensor Data

Gamma-ray attenuation porosity evaluator (GRAPE) bulk densi-
ty, magnetic susceptibility, and compressional velocity measure-
ments on sediment cores have been used in both geotechnical studies
and in paleoceanographic investigations. The goals of some of these
investigations have focused on using changes in sediment physical
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properties to reconstruct the history of lithologic variations modulat-
ed by climatic changes (Bloemendal and deMenocal, 1989; Bloe-
mendal et al., 1988, 1993; Mayer, 1991; Mayer et al., 1993; Mienert
and Bloemendal, 1989; Mienert et al., 1988; Rack and Pittenger,
1992; Robinson, 1986; Robinson and McCave, 1994; Robinson and
Maslin, 1995), to interpret seismic lithostratigraphy through changes
in acoustic impedance measured in cores (Mayer, 1979a, b; Mayer et
al., 1985; Hempel et al., 1989), to identify the latitudinal migration of
zonal oceanographie fronts (Rack and Palmer-Julson, 1992; Rack,
1993), to investigate atmospheric transport of dust from continental
source regions to the oceans (deMenocal et al., 1991; Doh et al.,
1988; Rack et al., 1995), and to improve the stratigraphic resolution
of marine sediment records through astronomic tuning of GRAPE
and/or magnetic susceptibility measurements for use in paleoceano-
graphic studies (Pisias et al., 1995; Shackleton et al., 1992, 1995;
Mienert and Chi, 1995).

The GRAPE provides near-continuous, nondestructive measure-
ments of bulk density on whole-round cores. These data are very use-
ful in many sedimentary environments and their potential has ex-
panded considerably in the past five to ten years. In regions of the
equatorial Pacific, where the preserved skeletons of microscopic ma-
rine plants and animals comprise the bulk of pelagic sediments, both
mineralogically related differences in the packing of sedimentary
grains and differences in grain density (i.e., biogenic carbonate =
2.72 g/cm3; biogenic silica = 2.1-2.3 g/cm3) appear to control wet
bulk density variations (Mayer, 1979a, 1991; Herbert and Mayer,
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1991); however, the importance of packing may be emphasized in
sedimentary environments with significant amounts of clay minerals
and quartz (Herbert and Mayer, 1991).

Sedimentary History of the Fram Strait
and Svalbard Region

Two of the primary objectives of Leg 151 were to document the
history of ice-rafted sedimentation in the Nordic Seas (Fig. 1), and to
study the influence of Fram Strait as a gateway between the Arctic
Ocean and the Nordic Seas. Fram Strait acts as a depositional estuary
for much of the ice-rafted and current-transported material carried by
Arctic sea ice from the East Siberian Sea to the Greenland Sea (Hon-
jo, 1990; Bischof et al., 1990). Ice-rafted debris travels across the
eastern Arctic Ocean primarily via the Transpolar Drift, which merg-
es with the southward-flowing East Greenland Current upon exiting
Fram Strait (Carmack, 1990). The northward-flowing Atlantic water,
which enters Fram Strait as the West Spitsbergen Current, is general-
ly low in suspended sedimentary material, although some sediment
from glacial output is transported northward along the west coast of
Spitsbergen (Kristoffersen, 1990). Uplift and erosion of sediment
from Svalbard and the Barents Shelf following glacier retreat have
provided an abundant source of Pliocene-Pleistocene sediment into
the eastern part of the strait and further to the south, where extensive
wedges of sediment have been deposited on the continental slope and
at the mouth of east-west-trending troughs (Myhre and Eldholm,
1988; Vorren et al., 1991; Riis and Fjeldskaar, 1992; Eidvin et al.,
1993; Faleide et al., in press).

Late Cenozoic sedimentation off the western Svalbard Margin at
about 78° N consists of two primary sequences separated by a region-
al unconformity, which is estimated to have formed at about 1.0 to
0.8 m.y. ago (Andersen et al., 1994). This unconformity is probably
associated with an amplification of glaciations in the Nordic Seas
(Jansen and Sj0holm, 1991). Another prominent seismic reflector
along the western Svalbard Margin is dated at 0.73 to 0.44 Ma
(Andersen et al., 1994; Faleide et al., in press; Hjelstuen et al., in
press) on the basis of correlations to sequences in shallow boreholes
further to the south (Sa ttem et al., 1992).

Physical Oceanography

The Nordic Seas are the principle conduit for surface- and deep-
water communication between the North Atlantic and the Arctic
Ocean (Fig. 1). The regional sea-ice cover in the Nordic Seas varies
both seasonally and interannually, but generally there is heavy sea ice
along the Greenland Margin and decreasing sea-ice coverage towards
the region influenced by northward-flowing, warm Atlantic waters in
the Norwegian Current. The Fram Strait region provides the only
deep connection between the Arctic Ocean and the Nordic Seas
(width = 450 km, sill depth = 2600 m), and in this region warm, saline
Atlantic waters are exchanged for cold, fresh Arctic waters (Aagaard
etal., 1985; Hunkins, 1990; Kristoffersen, 1990).

The physical oceanography of the Fram Strait region is highly
complex and dynamic (Fig. 2). Northward flow in the West Spitsber-
gen Current, on the eastern side of the strait, separates into several
current branches under the sea ice north of Svalbard (Manley et al.,
1992; Muench et al., 1992; and references therein). A portion of the
northward flow also curves westward and mixes with the southward-
flowing East Greenland Current, and the East Greenland Gyre. Ac-
cording to Aagaard et al. (1988), average northward flow velocities
in the upper 950 m of Fram Strait are 8-15 cm/s, with peak values
reaching 40 cm/s, which is sufficiently strong to erode seafloor sedi-
ments. The southward-flowing East Greenland Current, which reach-
es velocities of 20-30 cm/s and follows the Greenland shelf after
crossing the northern part of the Fram Strait (Vinje and Finneskaasa,
1986), provides the major transport path for ice outflowing from the
Arctic Ocean.

Objectives of This Study

The primary objective of this paper is to determine to what extent
wet bulk density measured using the GRAPE can be used to interpret
textural and compositional changes in sediment accumulation at the
various sites around the Nordic Seas and Arctic Ocean. To accom-
plish this objective, we first established quantitative relationships be-
tween discrete measurements of bulk density and whole-core mea-
surements of GRAPE bulk density at six sites (Table 1). We then
evaluated the frequency distribution of GRAPE bulk density and
magnetic susceptibility data to detect any significant statistical differ-
ences in the distribution of data between sites. Efforts have been
made to identify the sources of variation in the GRAPE bulk density
records, and to a lesser extent the magnetic susceptibility records, us-
ing the available "ground truth" provided by sedimentologic analyses
of discrete samples from selected holes. Textural and mineralogic
analyses are compared to GRAPE bulk density records to identify to
what extent we are able to explain the density fluctuations in terms of
(1) changes in the accumulation of coarse-grained material in various
grain-size subfractions, which are primarily transported to the deep
sea by sea ice and icebergs during glacial intervals and are influenced
by oceanic currents to varying extents, and (2) by changes in the min-
eralogy and in the relative percentages of various sedimentary inputs,
which may provide information about changing source regions for
these materials between glacial and interglacial periods in the Nordic
Seas and Arctic Ocean.

METHODS

Physical Properties, Nondestructive Measurements,
and Composite Depth Profiles

GRAPE wet bulk density measurements are routinely made on
Deep Sea Drilling Project (DSDP) and Ocean Drilling Program
(ODP) cores. The GRAPE sensor is mounted on a multi-sensor track
(MST), which provides nondestructive, whole-core measurements on
a semicontinuous basis. The downcore resolution of these measure-
ments is determined by a combination of operational considerations
and sensor-specific technical characteristics, but is typically 0.5-2.0
cm between GRAPE measurements. The MST aboard the JOIDES
Resolution includes additional sensors for measuring magnetic sus-
ceptibility, compressional wave velocity, and natural gamma emis-
sions of cores. Measurements of magnetic susceptibility were made
using the Bartington Instruments MS-2 susceptibility sensor, which
was equipped with an 80-mm-diameter loop; measurements were
typically made every 3 to 5 cm. Additional information about the op-
eration of MST and its sensor characteristics is provided in Myhre,
Thiede, Firth, et al. (1995), along with details about the methods for
obtaining discrete measurements of index properties (i.e., bulk densi-
ty, porosity, and water content) during Leg 151.

We have decided to focus this synthesis exclusively on cores ob-
tained using the advanced hydraulic piston corer (APC), except at
Site 910, where only limited APC core recovery was available be-
cause of the presence of stiff sediment at shallow burial depths. The
raw MST data collected aboard the JOIDES Resolution were edited
to remove data from disturbed sedimentary intervals, as identified
during from an examination of core photographs. Discrete sample
data were also edited for quality before being used to develop the in-
terrelationships presented in this paper. The quality of discrete data
was determined by reviewing the shipboard mass and volume mea-
surements for individual samples and by evaluating the consistency
of the various index properties calculated from these measurements.
Samples having calculated grain densities that were outside of the
range typically encountered in marine and glacial-marine sediments
(i.e., 2.0 to 3.0 g/cm3) were omitted from the data set. The methods
used in the development of composite depth profiles of multi-sensor
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Figure 1. Map of the Norwegian-Greenland Sea and surrounding regions, showing the approximate positions of oceanographic fronts and seasonal sea-ice lim-
its. The locations of Site 907 on the Iceland Plateau and Sites 642-644 on the V0ring Plateau (Leg 104) are also shown (from Fronval and Jansen, this volume).
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Figure 2. Upper-layer circulation patterns of the vari-
ous currents in the northern Greenland Sea, Yermak
Plateau, and surrounding areas (Manley et al., 1992;
from Myhre, Thiede, Firth, et al., 1995).
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Table 1. Locations of selected Leg 151 sites.

Hole

907A
908A
908B
909A
909B
910A
910B
910C
910D
911A
911B
912A
912B

Latitude

69°14.989'N
78°23.112'N
78°23.125'N
78°35.065'N
78°35.074'N
8O°15.882'N
80°15.876'N
80°15.896'N
80°15.881'N
80°28.466'N
80°28.476'N
79°57.557'N
79°57.533'N

Longitude

12°41.894'W
01°21.637'E
0F21.644'E
03°04.378'E
03°04.380'E
06°35.405'E
06°35.451'E
06°35.430'E
06°35.424'E
08°13.640'E
08°13.636'E
05°27.360'E
05°27.397'E

Water depth
(mbsl)

1800.83
1273.52
1273.02
2519.04
2519.12

556.38
556.98
556.38
556.54
901.58
900.98

1036.76
1037.45

data, and the integration of data from individual holes from each site,
will be discussed together with the results in the next section.

Ground Truth Investigations

Preliminary results from grain-size analyses of bulk sediment
samples in Hole 907A, from 38 to 62 meters below sea floor (mbsf),
are presented to aid in the inteΦretation of GRAPE bulk density and
magnetic susceptibility data from this hole. These grain-size data
were collected using a Coulter Counter located at the University of
LiveΦOol (United Kingdom). Only the mean grain-size and standard
deviation envelope for individual samples are presented herein; sub-

sequent data and results from these samples will be included in future
contributions (K. Black, pers. comm., 1995).

Data from coarse-fraction sediment (>63 µm) studies from Holes
908A and 909A are used to provide "ground truth" for inteΦreting
changes in GRAPE bulk density measurements from these holes. The
procedures used to generate the coarse-fraction data are found in
Wolf-Welling et al. (this volume), where the wt% for individual
grain-size subfractions are presented (i.e., 63- to 125-µm, 125- to
250-µm, 250- to 500-µm, 500 to 1000-µm, and >lOOO-µm grain-size
subfractions), as well as sediment compositional information ob-
tained from grain counts of the 125- to 500-µm grain-size subtraction
(data given as grain percentages). Herein, we have recalculated the
data presented in Wolf-Welling et al. (this volume), to plot individual
grain-size subfractions of the >63-µm size-fraction as wt% of the to-
tal sample weight, rather than as wt% of the >63-µm size-fraction.
We have also regrouped some of the wt% data presented by Wolf-
Welling et al. (this volume) to plot the 125- to 500-µm, and >500-µm
grain-size subfractions in two plots, rather than as four separate
groupings.

The merging of the 125- to 250-µm and 250- to 500-µm grain-size
subfractions was recommended by Wolf-Welling et al. (this volume)
and by previous studies (Henrich et al., 1989; Wolf and Thiede, 1991)
because (1) both subfractions seem to be most representative of the
>63-µm fraction, and (2) the use of the >125-µm grain-size subtrac-
tion avoided problems associated with current-influenced deposits
(Wolf-Welling et al., this volume; Cremer et al., this volume).

Finally, we will discuss the results from an analysis of X-ray im-
ages of whole-round cores from Hole 910D (Rack et al., this volume),
which provide the preliminary ground truthing of multi-sensor data
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Figure 3. Summary of GRAPE bulk density and magnetic sus-
ceptibility data (0-100 mbsf), Hole 907A. The downhole posi-
tion and thickness of individual ash layers and the location of
core breaks are shown.

from that hole, and compare them with data from Holes 910A and
910C.

RESULTS AND DISCUSSION

Multi-Sensor Measurements vs. Discrete Measurements
of Physical Properties

Iceland Plateau: Hole 907A

A 216-m-long sediment sequence was recovered on the Iceland
Plateau from Hole 907A (Table 1; Fig. 1), located about 250 km
southwest of Jan Mayen and 350 km northeast of Iceland. The upper
Miocene through Pleistocene sediments recovered from this hole are
divided into three lithologic units based mainly on their varying
amounts of biogenic and siliciclastic material and volcanic glass. The
boundaries of these lithologic units generally correspond to geotech-
nical unit boundaries (Myhre, Thiede, Firth, et al., 1995).

The sediments in the upper portion of Hole 907A are unlithified
and generally consist of dark grayish brown silty clay and clayey silt,
with scattered dropstones (>0.5 cm). Lithologic Unit I (0-16.8 mbsf)
is distinguished by the presence of abundant foraminifers. Lithologic
Unit II (16.8-56.3 mbsf) is characterized by the absence of biogenic
carbonate and silica, and by an enrichment in silt- and sand-sized si-
liciclastic grains. Lithologic Unit III (56.3-118.1 mbsf) is defined by
the presence of biogenic silica, a downcore increase in volcanic glass
content, and a decrease in quartz and feldspar abundance (Myhre,
Thiede, Firth, et al., 1995). These compositional changes are ob-
served as a pronounced uphole increase in mean GRAPE bulk density
values, as biogenic silica-rich sediments are replaced by more silici-
clastic grains (Fig. 3). This change is due to the increased abundance
of biogenic silica-rich sediments containing diatom and radiolarian

skeletons, which are characterized by low grain densities and high
porosities.

Most ash layers in the upper 100 mbsf of Hole 907A are associat-
ed with reduced GRAPE bulk density and increased magnetic sus-
ceptibility values relative to mean values for these parameters. In the
deeper portion of the hole, this situation is reversed, so that ash layers
are generally associated with increased bulk density and magnetic
susceptibility values relative to mean values for these intervals. Ad-
ditional data for evaluating the GRAPE and magnetic susceptibility
profiles from Hole 907A are provided by studies of ash layers and
ash-bearing sediments (see Lacasse et al., this volume; Werner et al.,
this volume).

The changes in GRAPE bulk density and magnetic susceptibility
between the different geotechnical units of Hole 907A are best illus-
trated by comparing frequency distribution plots of these data (Fig.
4). Decreasing mean values of sediment bulk density are observed
between geotechnical Units G-I, and G-III (i.e., mean values decrease
from 1.68 g/cm3 in Unit G-I, to 1.38 in Unit G-III), as a result of the
increase in biogenic silica mentioned above. The lower bulk densities
in geotechnical Unit G-II relative to Unit G-l may be related to
changes in the relative abundance and composition of clay minerals
in the sediment, because high water content swelling clays, such as
smectite, can lower the bulk density of sediments in the absence of
significant quantities of biogenic silica. Increased amounts of volca-
nic ash in the lower Miocene, biosilica-dominated section of Hole
907A result in a bimodal distribution of GRAPE bulk density and
magnetic susceptibility data in these APC cores, as seen in the fre-
quency plots for geotechnical Unit G-IV (118.1-197.3 mbsf; see Fig.
4).

The correspondence between discrete measurements of bulk den-
sity and whole-core GRAPE bulk density measurements from Hole
907A (see Fig. 3) has been extended to develop a quantitative rela-
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Figure 4. Frequency distribution of GRAPE bulk density and magnetic susceptibility measurements from the four geotechnical units described from Hole 907A
(see Myhre, Thiede, Firth, et al., 1995).
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Table 2. Relationships between GRAPE bulk density and gravimetric determinations of index properties.

Hole

907A
907A
907A
907A
907A
907A

908A
908B
909A
909B
911A
911B
912A
912B

Regression equation

Wet bulk density = 1.0258 (GRAPE) - 0.059366
Dry density = 1.5983 • (GRAPE) - 1.684
Porosity = 158.9 - 56.096 (GRAPE)
Water content (% wet wt) = 157.29 - 69.6 (GRAPE)
Void ratio = 18.126 (GRAPE)"44058

Water content (% dry wt) = 664.99 (GRAPE)"4-4364

Wet bulk density = 0.9337 (GRAPE) + 0.11988
Wet bulk density = 0.83703 (GRAPE) + 0.3168
Wet bulk density = 1.1259 (GRAPE) - 0.21783
Wet bulk density = 1.1239 • (GRAPE) - 0.18966
Wet bulk density = 1.1657 (GRAPE) - 0.2643
Wet bulk density = 1.1930 • (GRAPE) - 0.29159
Wet bulk density = 0.99003 (GRAPE) + 0.037761
Wet bulk density = 1.1257 (GRAPE) - 0.21351

N

89
51
49
38
54
43
31
33

r2

0.93
0.95
0.92
0.94
0.82
0.90

0.74
0.73
0.86
0.92
0.89
0.82
0.84
0.93

Type

linear
linear
linear
linear
power
power

linear
linear
linear
linear
linear
linear
linear
linear

Notes: N = number of values used in regression, r2 = correlation coefficient, type = equation style, wt = weight.

tionship between GRAPE bulk density and gravimetric index proper-
ties for the entire sediment column (Table 2; Fig. 5). These relation-
ships are useful for a variety of applications, such as estimating the
dry bulk density of specific samples for use in calculating sediment
accumulation rates.

Fram Strait: Sites 908-909

During Leg 151, five sites were cored in Fram Strait and on the
Yermak Plateau (Fig. 6; Table 1). These sites record variations in
sedimentary input from the Barents Sea and Svalbard region, and
from continental margins surrounding the Arctic Ocean. These sites
were cored to determine the age and lithologies of sediments on the
Yermak Plateau and within Fram Strait, to explore the history of wa-
ter-mass exchange between the Arctic Ocean and the Norwegian-
Greenland Sea, and to establish the timing and sedimentary processes
since the opening of Fram Strait (Myhre, Thiede, Firth, et al., 1995).

Site 908 is located on the Hovgràd Ridge, in 1277 m of water, at
the northward boundary of the Boreas Basin and the southern bound-
ary of Fram Strait. Two holes were cored at this site using the APC
and the extended core barrel (XCB). Site 909 is located on a small
abyssal terrace directly north of Hovgràd Ridge and approximately in
the middle of Fram Strait, at 2518 m below sea level (mbsl). Three
holes were drilled at this site: Holes 909A and 909B were cored using
the APC and XCB to sub-bottom depths of 92.5 mbsf and 135.1
mbsf, respectively; Hole 909C was rotary cored to a depth of 1061.6
mbsf. The Pliocene to Pleistocene sections of Sites 908 and 909 are
dominated by siliciclastic sediments, containing common dropstones
and variable grain sizes. Sediments are defined as clayey mud, silty
mud, and silty clay in lithologic Subunit IA (0-81.4 mbsf) at Site
908, with silty clay, clayey silt, and fewer dropstones in Subunit IB
(81.4-139.2 mbsf). At Site 909, lithologic Unit I (0-248.8 mbsf),
contains abundant dropstones and consists of interbedded clay, silty
clay, and clayey mud, with a minor component of calcareous nanno-
fossils in the upper 50 mbsf.

The GRAPE bulk density profiles from Sites 908 and 909 (Fig. 7)
show some distinct differences. The majority of the GRAPE bulk
densities measured on cores from Site 908 are >1.9 g/cm3, whereas
the GRAPE bulk densities measured on cores from Site 909 are gen-
erally <1.9 g/cm3. At both sites, there are generally increasing values
of bulk density with increasing sub-bottom depth, as one would ex-
pect from the cumulative effects of increasing overburden on poros-
ity reduction, but there are also highly variable density values over
meter and centimeter scales, which may have some correspondence
with changes in the relative inputs of sedimentary materials between
glacial and interglacial climatic regimes. This will be evaluated in the
ground-truth section of this paper.

Discrete measurements of bulk density were typically more abun-
dant in the first hole cored at a given site, rather than in the second

hole, because of the work load of the shipboard physical properties
scientists. Clearly disturbed intervals of core, such as seen in the low-
ered GRAPE values in Core 151-909A-10H (see Fig. 7B), were not
used in the process of calculating bulk density relationships. At Site
909, there is a clear divergence of GRAPE density and discrete bulk
density values below about 40 mbsf, although this is more pro-
nounced in Hole 909B than in Hole 909A. The divergence in density
values (GRAPE vs. discrete measurements) with increasing sub-bot-
tom depth may be indicative of two different effects, namely, core
disturbance and dewatering of the cores. Both of these effects may
have been amplified by the higher methane content of the sediment at
Site 909 relative to Site 908 (Myhre, Thiede, Firth, et al., 1995; Stein
et al., 1995).

During Leg 151, small holes were drilled into the plastic core lin-
ers to allow the methane gas to escape when concentrations became
elevated. When methane concentrations increased, the gas expansion
may have significantly disrupted the sedimentary fabric and in-
creased the porosity of the sediment within the core liner, thereby
lowering measured GRAPE density values, which are based on the
assumption that the core liner is completely filled with sediment and
water. The holes drilled into the core liners may have also contributed
to a progressive loss of water from the gassy cores with time, thereby
further enhancing the divergence between the bulk density measure-
ments made with the two methods.

Yermak Plateau: Sites 910-912

The Yermak Plateau, an arcuate marginal plateau extending for
almost 400 km in a north-northwestward direction from the Svalbard
continental shelf, is characterized by a narrow shelf with a wide slope
having an irregular slope gradient. The southwestern portion of the
plateau slopes gently toward the Spitsbergen and Molloy Fracture
Zones in Fram Strait, but faulting and canyon cutting make the east-
ern flank of the plateau more blocky and rough (Myhre, Thiede, Firth,
et al., 1995). Sites 910, 911, and 912, form a bathymetric transect
across the southern portion of the plateau (Fig. 6).

Site 910 is located on the southwestern crest of Yermak Plateau in
556 m of water. The core recovery at Site 910 was generally poor, be-
cause the APC was unable to penetrate below about 24 mbsf in Hole
910A, or below 18.6 mbsf in Hole 910D, as a result of the extremely
stiff sediment encountered at these shallow sub-bottom depths. The
bulk of the sediment recovered within the interval between 20 and
160 mbsf at this site was recovered from Hole 910D. Post-cruise
analyses of data from Site 910 and the results of X-ray investigations
from Hole 910D (see Rack et al., this volume) are discussed in the
ground-truth subsection of this paper.

Site 911 is located approximately 35 km to the northeast of Site
910, in about 900 m of water, on the upper slope of the southeast por-
tion of the Yermak Plateau. The sediments recovered at Site 911
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Figure 5. Relationships between GRAPE bulk density and index properties measurements, Hole 907A.

(Holes 911A, 91 IB, and 911C) are primarily unlithified, homoge-
neous, very dark gray clayey silts and silty clays of Quaternary and
Pliocene age (Myhre, Thiede, Firth, et al., 1995). Dropstones are
common, but biogenic particles are rare. The sediment texture in
lithologic Subunit IA (0-380.4 mbsf) is highly variable and displays
high-amplitude fluctuations of the sand-, silt-, and clay-size fractions.
Light to heavy bioturbation is present throughout Subunit IA and
black Fe-sulfide-filled burrows are common.

Site 912 is located 45 km to the southwest of Site 910, on the
southwestern edge of the Yermak Plateau in about 1037 m of water.
Two lithologic subunits were identified at this site on the basis of
changes in dropstone abundance (Myhre, Thiede, Firth, et al., 1995):
Subunit IA (0-40 mbsf) consists of layers of silty mud and clayey
mud interbedded with layers of silty clay; Subunit IB (40-209.1
mbsf) consists of silty clay and clayey silts, generally alternating with
silty mud and clayey mud. The entire stratigraphic unit is interpreted
to have been deposited in a hemipelagic environment with a large in-
put of ice-rafted terrigenous materials at certain times.

GRAPE bulk density records from Sites 911 and 912 diverge with
discrete bulk density measurements below about 60 mbsf in Hole

911A (38 mbsf in Hole 91 IB; see Fig. 8A), and below about 30 mbsf
in Holes 912A and 912B (see Fig. 8B). This effect is thought to be
caused by high levels of methane in the sediment, which results in
disturbance and dewatering of the sediment during gas expansion in
the cores following recovery on deck. At Site 911, the concentrations
of headspace methane are high throughout the sedimentary section,
except for in the uppermost 25 mbsf. There is a large increase in
headspace methane concentrations (from concentrations of 7-18
ppm to a value of 40,000 ppm) between 11.5 and 23 mbsf at Site 912,
which persists downhole (Myhre, Thiede, Firth, et al., 1995; Stein et
al., 1995).

Bulk Density Relationships From Sites 908,909,
911, and 912

Variations in bulk density distributions between sites may result
from, and provide information about, depositional and post-deposi-
tional processes, including: (1) differences in lithology between sites;
(2) differences in sediment texture; (3) changes in accumulation
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rates; (4) current-influenced winnowing of fine-grained material; and
(5) core disturbance caused by gas expansion and dewatering.

After editing the data for quality, a minimum of 30 matched mea-
surements from APC cores in each hole were used to develop quan-
titative relationships between discrete samples and GRAPE density
measurements (see Table 2; Fig. 9). Gravimetric measurements of
discrete samples agree fairly well with nondestructive GRAPE bulk
density measurements, but the scatter in the data is greater at some
sites (and between some holes) than at others. Linear regressions of
the data from each hole result in reasonably high correlation coeffi-
cients, although Site 908 is somewhat anomalous and shows a lower
correlation (between GRAPE density and discrete values) than was
found at the other three sites studied.

The situation at Site 908 may be influenced by its location on the
crest of the Hovgrád Ridge, where sediments may be winnowed by
intermediate-water currents, creating a coarse sediment "lag-depos-
it". Cremer et al. (this volume), suggest that the coarse-grained frac-
tion at Site 908 comprises a higher percentage of the bulk sediment
and is better sorted than the coarse-grained fraction at Site 909. The
significant lack of GRAPE bulk density values below 1.65 g/cm3 at
Site 908, and the skewness of the frequency plots shown in Figure
10A, supports the idea that winnowing may have removed the (low-
density) fine-grained "tail" of the sediment accumulating at this site.
Frequency distributions of GRAPE bulk densities from the other
holes shown, generally have a more symmetrical distribution of val-
ues. The median GRAPE bulk density from Hole 908B is 1.93 g/cm3,
which is significantly higher than any of the other holes (Fig. 11); for
example, median GRAPE bulk density is 1.79 g/cm3 for Hole 909B,
1.77 g/cm3 for Hole 911A, and 1.81 g/cm3 for Hole 912A. The bimo-

dal distribution of GRAPE bulk density values in Hole 912B appears
different from those of the other holes (Fig. 10A), caused by the re-
covery of a 3- to 4-m-thick, coarse-grained, unsorted, silty mud with
abundant large dropstones in Core 151-912B-4H, which was only
partially sampled in Hole 912A (see Fig. 8B).

When GRAPE bulk density values are plotted on the basis of geo-
graphic location (Fig. 11A), it is clearly seen that Sites 908 and 910
have the highest median values and that there are relative decreases
in median GRAPE bulk density values at Sites 909, 911, and 912.
When the sites are plotted according to their respective water depth
(Fig. 1 IB), there is a different pattern in the distribution of median
values, however, median values seem to decrease with increasing wa-
ter depth, i.e., away from the crest of Yermak Plateau (Site 910) to-
ward its slopes (Sites 911 and 912), and away from Hovgrád Ridge
(Site 908) toward Fram Strait (Site 909). This geographic perspective
may help one to understand the relative significance of ocean circu-
lation and/or sea-ice patterns for sediment transport and accumula-
tion in this region.

The frequency distributions of magnetic susceptibility data from
these sites show a general trend of decreasing susceptibility values
from the south toward the northeast across the study area (Fig. 10B).
A plot of median values of magnetic susceptibility vs. geographic lo-
cation shows that median values at Sites 910 and 911 are slightly
higher that of Site 912 (Fig. 11 A), which may suggest that additional
or different sources of magnetic minerals become important to the
northeast, across Yermak Plateau. When these data are plotted vs.
water depth, the pattern is more complicated. Further study may show
that the differences in these magnetic susceptibility patterns between
sites are related to the geographic dispersal of detrital magnetic min-
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Figure 9. Relationships between GRAPE bulk density and discrete measurements of bulk density, Sites 908, 909, 911, and 912. Solid circles correspond to data
from the "A" hole at each site. Open circles correspond to data from the "B" hole at each site.

erals by ice or current processes, or may indicate differences in the
sedimentary geochemical environments between these sites.

Development of Composite Depth Profiles

Several ODP legs have used high-resolution measurements of
GRAPE bulk density and magnetic susceptibility obtained from mul-
tiple holes at a single site to generate composite sections. The ratio-
nale behind the development of composite sections is discussed for
example, by Ruddiman et al. (1987) and by Hagelberg et al. (1992,
1995). Briefly, the procedure aims to circumvent the well-document-
ed phenomena of significant disturbance within cores and unrecov-
ered sediment across core breaks by constructing a composite record
consisting of discrete intervals taken from multiple holes at a single
site. Given the presence of correlatable magnetic susceptibility and
GRAPE bulk density fluctuations at a site, together with minimal
core disturbance and offset core breaks, the method can in principle
provide a continuous record.

In the case of Leg 151 sites, all of the above requirements were
seldom met and to date we have only been able to construct compos-
ite sections for the upper parts of the APC-cored intervals at Sites
908, 909, and 911. In particular, between-hole correlations could
only be made continuously and with confidence down to sub-bottom
depths of about 60-80 mbsf at each site; gaps in coring, significant
core disturbance caused by gas expansion, and the presence of abun-
dant ice-rafted debris, all contributed to the lack of reliable correla-
tions below these depths at each site.

The procedure we used for each of the sites (i.e., Sites 908, 909,
and 911) generally followed the method of Hagelberg et al. (1992)
and consisted of the following: (1) the magnetic susceptibility
records were correlated by eye, and the correlations were confirmed
by reference to the GRAPE bulk density records—this clearly re-
vealed the varying degrees of disturbance within cores, together with
unrecovered intervals across core breaks; then, (2) based on the be-

tween-hole correlations, successive cores were moved either up-
wards or downwards along a composite-depth scale, with magnetic
susceptibility features at the extremities of cores being used as tie
points. Within-core intervals from multiple holes were then spliced
together to produce a stratigraphically complete, or near-complete
record. The procedure was implemented graphically using a comput-
er program ("splicer") kindly made available by Dr. P.B. deMenocal
of Lamont-Doherty Earth Observatory.

The results for each of the three sites are shown in the form of (1)
core offsets for each site (Tables 3-5), which enable ODP sub-bot-
tom depths in each hole to be converted to composite depths and vice
versa; (2) composite pathways for each site (Tables 6-8), which de-
fine the series of within-core intervals from specific holes that were
combined to produce the composite sections—these can be used as
guides for subsequent discrete sampling of the cores; and (3) plots of
GRAPE bulk density and magnetic susceptibility for each hole, to-
gether with the composite records for these parameters, all plotted vs.
composite depth in m (Site 908, Fig. 12; Site 909, Fig. 13; Site 911,
Fig. 14).

Ground-TY uth Analyses of GRAPE Bulk Density
and Magnetic Susceptibility Data

Hole 907A: Ash Investigations and Grain-Size Analyses

Detailed studies of the major- and trace-element geochemistry of
the tephra layers and disseminated ash-bearing sediments from Hole
907A have been made for the upper 90 mbsf (Lacasse et al., this vol-
ume), and for the deeper parts of the sedimentary sequence (Werner
et al., this volume). Magnetic susceptibility and GRAPE bulk density
data aided in the identification and sampling of more than 38 addi-
tional ash-bearing horizons in the deeper portion of the hole; these
ashes were not previously identified during Leg 151 (Werner et al.,
this volume). Most peaks in magnetic susceptibility having values in
excess of 120 SI units were found to mark ash-rich horizons (Fig. 3),
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Figure 10. A. Frequency distributions of GRAPE bulk density measurements made on cores from adjacent holes at Sites 908, 909, 911, and 912. B. Frequency
distributions of magnetic susceptibility measurements from the same holes as above.

although the magnitude of specific susceptibility peaks varied ac-
cording to the composition of the ash, with basaltic ashes generally
exhibiting larger susceptibility peaks than rhyolitic or trachytic ashes
(Lacasse, et al., this volume; Werner et al., this volume).

Grain-size analyses were performed on bulk sediments from the
interval between 38 and 62 mbsf in Hole 907A, to investigate the na-

ture of the observed alternation in "rough" and "smooth" surface tex-
ture in split cores from this interval (best observed in the photograph
of Core 151-907A-6H; Myhre, Thiede, Firth, et al., 1995). Most of
these data were not interpreted in time to be included in this volume
(K. Black, pers. comm., 1995), however, we provide a brief glimpse
of some of these data herein. The mean grain size of bulk-sediment
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Figure 10 (continued).

samples is compared to extracted values of GRAPE bulk density and
magnetic susceptibility that correspond to the same intervals as these
samples (Fig. 15).

The positions of three ashes, labeled ash layer "K" (18 cm thick),
"L" (~l cm thick), and "M" (disseminated ash), by Lacasse, et al.
(this volume), are shown in the magnetic susceptibility profile of Fig-

ure 15. There is a significant amount of variability in the grain-size
data, with large peaks in mean grain size between 50 and 54 mbsf,
and below about 57 mbsf in the low-density portion of the GRAPE
record. Using the mean grain size, however, rather than the relative
percentage of the coarse fraction, limits the usefulness of this partic-
ular comparison. The presence of additional, high-amplitude fluctua-
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Table 3. Core offsets for Holes 908A and 908B. Table 4. Core offsets for Holes 909A and 909B.

Core

151-908A-
1H
2H
3H
4H
5H
6H
7H
8H

151-908B-
1H
2H
3H
4H
5H
6H
7H
8H

Depth
(mbsf)

0.00
5.40

14.90
24.40
33.90
43.40
52.90
62.40

0.00
3.50

13.00
22.50
32.00
41.50
51.00
60.50

Offset
(m)

0.0
0.0
1.0
1.3
2.1
2.6
2.6
3.4

0.0
0.0
0.0
0.0
1.2
2.0
1.5
1.6

Composite
depth
(m)

0.00
5.40

15.90
25.70
36.00
46.00
55.50
65.80

0.00
3.50

13.00
22.50
33.20
43.50
52.50
62.10

tions in magnetic susceptibility and GRAPE bulk density in Figure
15, in the absence of identified discrete ash layers, suggests that sig-
nificant amounts of volcanic ash or igneous grains may be dissemi-
nated within discrete sedimentary intervals. This possibility should
be evaluated as the resolution of sampling improves.

Fronval and Jansen (this volume) show an increase in the amount
of ice-rafted debris/g of sediment in the interval from about 64 to 49
mbsf, which is within the depth interval of the data presented herein.

Core

151-909A-

1H
2H
3H
4H
5H
6H
7H
SH
9H

151-909B-

1H
21 i
3H
4H
5H
6H
7H
811
')H
10H

Depth

(mbsf)

0.00
7.50

17.00
26.50

36.00
45.50
55.50
65.00
74.00

0.00
4.40

13.90
23.40

32.90
42.40
51.90
61.40
70.90
77.40

Offset

(m)

0.0
0.0
1.9
1.9
2.6
3.2
2.2
3.2
3.7

-0.1

0.5
1.1
0.9
1.9
2.9
2.9
3.2
2.4
2.3

Composite

depth

(m)

0.00
7.50

18.90

28.40
38.60
48.70

57.70
68.20
77.70

-0.10
4.90

15.00
24.30
34.80
45.30
54.80
64.60
73.30
79.70

Their results seems to correspond well with the observed trends of in-
creasing GRAPE bulk density values and variable mean grain size
shown in Figure 15. However, there are certainly other processes be-
sides the accumulation of ice-rafted debris influencing the GRAPE
bulk density within this interval, owing to the large increases in water
content and porosity observed across this transition (Myhre, Thiede,
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Table 5. Core offsets for Holes 911A, 911B, and 911C. Table 6. Composite pathway for Site 908.

Core

151-911A-
1H
2H

m
4H
5H
6H
7H
SH
9H
I0H

151-911B-
1H
2H
3H
4H
5H
6H
7H
XH
9H
10H

151-911C-
1H
2H
3H
4H
5H
6H
7H
SH
9H
I0H

Depth
(mbsf)

0.00
9.50

19.00
28.50
38.00
47.50
57.00
65.20
74.70
84.20

0.00
3.80

13.30
22.80
32.30
41.80
44.80
49.80
59.30
68.00

0.00
5.70

15.20
24.70
34.20
41.70
51.20
60.70
69.50
77.60

Offset
(m)

0.50
1.50
i .55
2.35
1.85
2.85
4.24
4.55
4.49
4.49

-0.20
0.40
0.60
1.50
1.83
1.83
6.63

12.53
13.63
14.23

0.00
0.30
0.50
1.40
2.40
3.20
3.25
3.55
5.05
5.05

Composite
depth
(m)

0.50
11.00
20.55
30.85
39.85
50.35
61.24
69.75
79.19
88.69

-0.20
4.20

13.90
24.30
34.13
43.63
51.43
62.33
72.93
82.23

0.00
6.00

15.70
26.10
36.60
44.90
54.45
64.25
74.55
82.65

Hole908A Hole 908B Composite depth (m)

1H-1.000

2H-END

4H-4,123

4H-7,033

5H-3,108

51-1-7,013

6H-4.107

31-1-1,000

4H-6,143

5H-2,033

5H-5,088

61-1-2,012

6H-6,057

0.00

13.00

31.43

35.03

40.08

45.13

51.57

Firth, et al., 1995). Above 45 mbsf, there are intermediate-amplitude
changes in both GRAPE bulk density and magnetic susceptibility that
generally show an inverse correlation (Fig. 16); below 45 mbsf, and
generally over much of the rest of Hole 907A, there is a very poor
correlation between these two parameters.

Holes 908A and 909A: Textural and Compositional Ground-Truth
Analyses

The best existing opportunity to evaluate assumptions about the
nature of GRAPE bulk density, as being representative of increases
in the relative amounts of coarse-grained material in the sediment,
was provided by the data produced by Wolf-Welling, et al. (this vol-
ume). The grain-size and compositional data from Holes 908A and
909A have been used to evaluate GRAPE bulk density signals on a
sample by sample basis, using both, the relative textural changes
identified by changes in the wt% of four coarse-grained subfractions,
and their relation to compositional changes in the 125- to 500-µm
grain-size subfraction.

There is a gap in multi-sensor data from Hole 908A correspond-
ing to several sections in Cores 151-908A-2H and 3H, where no data
were available; a better comparison might be attempted using the
composite record from Site 908, but this was not attempted in this pa-
per. The fluctuations in coarse-grained subfractions from Hole 908A
seem to correspond well to the major features of the GRAPE bulk
density records, with most of the increases in GRAPE density being
matched by increases in coarse-fraction wt% (Fig. 17; Table 9). How-
ever, closer quantitative examinations reveals the relatively poor cor-
relation between these two groups of data (Fig. 18). The best correla-
tion with the GRAPE data is provided by the coarse-grained subfrac-
tion from 63 to 125 µm. The compositional data from Hole 908A
(Fig. 19) suggest a general correspondence between increases in the
percentage of quartz grains and higher GRAPE density values, but
the resolution of the data limits any detailed comparisons at this time.

The situation concerning data from Hole 909 A is quite different
from that concerning data from Hole 908A, and reasonably good cor-

7H-6,093

8H-3,138

8H-2,033

8H-6,057

63.93

70.17

relations between GRAPE bulk density and textural data are possible.
The continuity and quality of the GRAPE data from Hole 909A are
very good, and the reader can quite easily see the agreement between
the wt% fluctuations in almost all of the grain-size subfractions and
the fluctuations in the GRAPE density record (Fig. 20; Table 9). The
quantitative relationships developed between these data (Fig. 21) re-
sult in reasonably high correlation coefficients for all grain-size sub-
fractions except one (>500 µm), and provide a strong basis for future
investigations along these lines as more data become available. The
highest correlation is observed in the 125- to 500-µm subfraction,
which substantiates the assertion by various workers that this grain-
size subfraction (of the coarse-fraction) is most representative of the
terrigenous and biogenous components of the sediment (Henrich et
al., 1989; Wolf and Thiede, 1991; Baumann et al., 1995, Wolf-Well-
ing et al., this volume; among others). The compositional data from
the 125- to 500-µm subfraction of Hole 909A show the dominance of
quartz grains throughout most of the sequence (Fig. 22); large de-
creases in quartz in the upper part of the hole generally correspond to
increases in planktonic and benthic foraminifers (Wolf-Welling et
al., this volume). There is an interesting decrease in GRAPE bulk
density values at about 30 mbsf, which seems to correspond to a sim-
ilar decrease in both rock fragments and pyrite, and an increase in
mica grains.

To test our understanding of the relationship between coarse-
grained sediment accumulation and GRAPE bulk density fluctua-
tions over glacial-interglacial cycles, we have constructed a graphical
correlation of the upper 40 m of the composite GRAPE section at Site
909 (from the seafloor to slightly below the depth of the Brunhes/
Matuyama magnetic polarity reversal boundary in Hole 909A;
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Table 7. Composite pathway for Site 909.

Hole 909A Hole 909B Composite depth (m)

1H-1.000

1H-5.029

2H-4,114

2H-6, 139

3H-3, 145

3H-5, 138

4H-4, 104

4H-7.013

5H-3, 098

5H-7, 022

7H-4, 045

7H-6,140

8H-4, 057

8H-7, 145

9H-2, 000

9H-5, 090

2H-1.138

2H-6, 072

3H-1.140

3H-6, 085

4H-2, 048

4H-7, 064

5H-2, 124

5H-6, 027

6H-2, 102

7H-6, 008

8H-2, 005

8H-6, 086

9H-3, 064

9H-4,130

10H-4, 000

0.00

6.29

13.13

16.40

23.35

26.29

33.94

37.54

42.58

47.83

62.38

66.15

72.97

76.94

79.10

84.20

Myhre, Thiede, Firth, et al., 1995) with the stable oxygen-isotope
tuned record from DSDP Site 607 (Ruddiman et al., 1989). We used
the Site 607 record from the North Atlantic to provide an approximate
age model for Site 909, based on the assumption that the GRAPE den-
sity peaks in Site 909 should correspond to heavier oxygen-isotope
values in the record from Site 607 (Fig. 23). The two curves were
matched using AnalySeries software provided by D. Palliard and L.
Labeyrie.

Although these preliminary correlations require improvement,
there is a remarkable agreement between the distribution of high-den-
sity peaks and glacial maxima, indicated by heavier oxygen-isotope
values in the record of Site 607. Further refinements to this correla-
tion may significantly improve our estimates of sedimentation rates at
Site 909 in the absence of stable isotope data from this site. These ini-
tial correlations provide estimates of linear sedimentation rates within
the Brunhes magnetic polarity interval at this site.

Site 910: Combining Physical Properties, Multi-Sensor Data,
and X-Ray Analyses of Cores

Site 910 is located on the central inner Yermak Plateau, about 23
nmi to the northeast of Site 912. It consists of silty clays and clayey
silts with about 20% to 30% siliciclastic components and high drop-
stone abundance in lithologic Subunit IA (0-208.7 mbsf). Sediments
are marked by distinct color banding in the upper 17 m, but become
more uniform in color below, where there is a distinct increase in the
measured shear strength of the sediment (Myhre, Thiede, Firth, et al.,
1995).

The major geotechnical characteristic of the sequence recovered
in Hole 910A is a large increase in sediment strength (measured by
both the vane shear and the pocket penetrometer), beginning at about
16 mbsf and increasing to maximum values at about 21 mbsf (Fig.
24). Strengths determined with the pocket penetrometer were highly
variable, and generally lower than vane shear strength values, be-
cause of sediment cracking during insertion of the penetrometer;
however, below about 21 mbsf, the penetrometer measurements were
continued because the spring on the vane shear device had exceeded
its maximum value (280-300 kPa). The lowermost sediments recov-
ered in Hole 910A consisted of a stiff, coarse-grained diamicton that
was interpreted to be overconsolidated, especially because the APC
could not penetrate through this horizon. Hole 910C was cored using
the rotary core barrel (RCB), but the resulting recovery of sediment
in this hole was quite poor above about 200 mbsf (see Fig. 25).

A fourth hole (Hole 910D) was cored using the APC to 18.6 mbsf,
and the XCB below to 160.6 mbsf; core recovery was 99.7% using the
APC and 59.8% using the XCB, as compared to less than 21% for the
comparable interval in Hole 910C. Hole 910D was intended to pro-
vide samples for geotechnical studies to assess questions about the
possible grounding of an ice mass on the crest of Yermak Plateau, and
to evaluate other possible explanations for the unusual geotechnical
results from this site. As part of the preliminary investigation of the
Hole 910D sediments, whole-core X-ray images were acquired and
have been inteΦreted to assess the number of clasts >2 mm in size
from successive 10-cm-long intervals of these cores (Rack et al., this
volume). There is a significant increase in the number of clasts ob-
served per 10-cm interval below about 16 mbsf in Hole 910D (Fig.
25), although some intervals are still observed with low numbers of
clasts (e.g., 17-18 mbsf). There is also a wide range of variability in
the counts above 16 mbsf that may turn out to correlate with cycles of
ice advance and retreat around the margins of the Arctic Ocean (see
fig. 12, in Rack et al., this volume). The frequency distribution of
GRAPE bulk density in Hole 910D is skewed toward the higher val-
ues (Fig. 26) and has a median value of 1.90 g/cm3 over 160 mbsf;
only Hole 908B was found to have higher values of GRAPE bulk den-
sity (median = 1.93 g/cm3). However, if only the upper 22 mbsf of
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Table 8. Composite pathway for Site 911.

Hole 911A Hole 911B Hole 911C Composite depth (m)

1H-1.000 0.00

2H-1,087 1H-4,057 5.07

2H-1.123 2H-6.053 12.23

2H-6,062 3H4.074 19.13

3H-2.008 3H-6,072 22.13

3H-7,005 4H-4.080 29.60

4H-2.096 4H-7.002 33.32

4H-5,105 5H-1.132 37.91

5H-3,055 5H-5,080 43.41

5H-6,045 6H-2.139 47.80

6H-3,028 6H-6,124 53.64

6H-6.097 7H4.001 58.82

7H-1.109 7H-6,051 62.33

7H-4,072 8H-2.078 66.47

8H-2,029 8H-5,142 71.54

8H-6,129 9H-3,100 78.54

9H-3,021 9H-5.115 81.70

9H-7.067 10H-5.038 88.17
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Figure 12. Profiles of magnetic susceptibility and GRAPE bulk density for Holes 908A and 908B, with their composite record, plotted vs. composite depth (m).
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Figure 13. Profiles of magnetic susceptibility and GRAPE bulk density for Holes 909A and 909B, with their composite record, plotted vs. composite depth (m).
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Profiles of magnetic susceptibility and GRAPE bulk density for Holes 911A, 911B, and 911C, with their composite record, plotted vs. composite

GRAPE bulk density Mean grain size Magnetic susceptibility Core
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Figure 15. Comparison of GRAPE bulk density and magnetic
susceptibility data and the mean grain size of sediment sam-
ples for the interval between 38 and 62 mbsf, Hole 907A. The
dashed envelope surrounding the mean grain size (solid line)
indicates one standard deviation around the mean.
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Figure 16. Interrelationships between magnetic susceptibility and GRAPE bulk density for two intervals from Hole 907A.

Hole 910D is used in the analysis, the median GRAPE bulk density
value is increased to 1.97 g/cm3.

Flower (this volume) presents stable isotopic results from Hole
910A that suggest an age of approximately 620 ka for the upper
boundary of the stiff interval in that hole. This age falls within the
range generally attributed to regional unconformities in the western
Barents Sea (0.8 Ma, Vorren et al., 1991; 0.44 to 0.73 Ma, Ssettem et
al., 1992; 0.44 Ma, Hjelstruen et al., in press; Faleide et al., in press)
and along the western Svalbard continental margin (Andersen et al.,
1994) that represent a major change in glaciation, although exact dat-
ing of individual events along Svalbard are problematic at present
(Solheim et al., in press). The change to highly burrowed sediment in
Core 151-910D-10X, noted by Rack et al. (this volume), coincides
with the return to higher sediment recovery in the deeper portions of
this hole, after a 50-m interval of poor sediment recovery (Fig. 25). If
the nannofossil age assignments from Hole 910C (Sato and Kameo,
this volume) are directly applied to the equivalent depths in Hole
910D, then the highly bioturbated interval in Hole 910D can be as-
signed an approximate age of around 1.6-1.8 m.y., which, together
with the upper age provide by Flower (this volume), suggests that the
low recovery between Cores 151-910D-4X and 10X represents about
1 m.y. of sediment accumulation.

CONCLUSIONS

The following are some of the conclusions that can be drawn from
this study:

1. The GRAPE bulk density and magnetic susceptibility mea-
surements made on cores from Leg 151 are complex recorders
of environmental parameters in dynamic environments such as
the Nordic Seas, and these records need to be evaluated using
a wide range of ground-truth data to fulfill their potential use
across a wide range of paleoceanographic applications.

2. The relationships developed between near-continuous, nonde-
structive measurements made on whole-round cores and mea-
surements of discrete index properties can be used to predict
the properties of sediments located between measurements, to
improve the resolution of stratigraphic studies, and to provide
estimates of dry bulk density values for use in calculating sed-
iment accumulation rates, among other applications.

3. The composite records of GRAPE bulk density and magnetic
susceptibility provide an important resource for ongoing strati-
graphic studies of individual Leg 151 sites and for regional
correlations with other sites, and can be used in future investi-
gations aimed at providing paleoceanographic and paleocli-
matic insights regarding the evolution of North Atlantic
glacial environments.

4. The GRAPE bulk density values from Hole 909A correspond
to textural changes in grain-size distributions, which are linked
to the transport of terrigenous sediment to the deep sea. The
analysis of these records may lead to better estimates of sedi-
mentation rates at this and other sites, and will provide the
framework for coherent syntheses of data from Leg 151 and
from other sites in the region.

5. The collaboration between sedimentologists and physical
properties scientists can provide new opportunities to advance
our understanding of the dynamics of marine environments
and the records preserved in measurements of bulk physical
and rock magnetic properties.
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Figure 17. Comparisons between GRAPE bulk density and the results of textural analyses of discrete sediment samples from Hole 908A (data from Wolf-Welling et al., this volume). Note that GRAPE bulk den-
sity values shown in the second plot from the left correspond to the sediment samples used for textural analyses.
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Table 9. Relationships between GRAPE bulk density and grain-size data,

Holes 908A and 909A.

Hole Regression equation Type

9O8A
908A

908A >63 µm (wt%) = 0.023202*(GRAPE)9•6922

63-125 µm (wt%) = 0.019159*(GRAPE)9-2534

125-250 µm (wt%) = 0.0014294*(GRAPE)π 8 0 4

250-500 µm (wt%) = 0.0010926*(GRAPE)97562

125-500 µm (wt%) = 0.0020768*(GRAPE)n•531

908A >500 µm (wt%) = 0.011537 *(GRAPE)5 8 0 3 9

909A >63 µm (wt%) = 0.004197*(GRAPE)12•949

909A 63-125 µm (wt%) = 0.0012264*(GRAPE)13 6 1 8

909A 125-250 µm (wt%) = 0.00029393*(GRAPE)15025

909A 250-500 µm (wt%) = 0.0010816*(GRAPE)11136

909A 125-500 µm (wt%) = 0.00075711*(GRAPE)13"9

909A >500 µm (wt%) = 9.3003*(GRAPE) - 14.583

0.23
0.25
0.16
0.14
0.16
0.02

0.62
0.56
0.56
0.38
0.58
0.09

power
power
power
power
power
power

power
power
power
power
power
linear

Notes: Type = equation style, r2 = correlation coefficient, wt = weight.
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Figure 18. Interrelationships between GRAPE bulk density and textural data, Hole 9O8A.
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Figure 19. Comparisons between GRAPE bulk density and the results of visual compositional analyses (grain counts) of the 125- to 500-µm grain-size subfraction of the >63-µm fraction of discrete sediment
samples from Hole 908A (data from Wolf-Welling et al., this volume). Compositional data are shown as grain percentages.
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Figure 20. Comparisons between GRAPE bulk density and the results of textural analyses of discrete sediment samples from Hole 909A (data from Wolf-Welling et al., this volume). Note that GRAPE bulk den-

sity values shown in the second plot from the left correspond to the sediment samples used for textural analyses.
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Figure 21. Interrelationships between GRAPE bulk density and textural data, Hole 909A.
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Figure 22. Comparisons between GRAPE bulk density and the results of visual compositional analyses (grain counts) of the 125- to 500-µm grain-size subfraction of the >63-µm fraction of discrete sediment
samples from Hole 909A (data from Wolf-Welling et al., this volume). Compositional data are shown as grain percentages.
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Figure 23. Graphical correlation between oxygen-isotope measurements plotted using the tuned age model from DSDP Site 607 (Ruddiman et al., 1989) and the
(10 point smoothed) composite GRAPE bulk density record from Site 909 in Fram Strait. Increases in GRAPE bulk density values are assumed to correlate with
heavier oxygen-isotope values (i.e., glacial maxima) in the Site 607 record. The linear sedimentation rate for selected intervals, derived from correlations with
the Site 607 age model, are shown to the right. The overall linear sedimentation rate is 4.95 cm/ka.
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Figure 24. Comparison of downhole GRAPE bulk density and magnetic susceptibility profiles between Holes 910A (A) and 910D (B). Also shown are strength
data from Hole 910A (open symbols = vane; solid symbols = penetrometer; see Myhre, Thiede, Firth, et al., 1995), and the number of particles (>2 mm in diam-
eter/1 0-cm-interval of core) derived from an analysis of X-ray images taken of Hole 910D cores (Rack et al., this volume). Arrows mark the horizons where
magnetic susceptibility records in either hole might be correlated.



PHYSICAL PROPERTIES RELATIONSHIPS

A GRAPE bulk density (g/cm3) Peak Strength (kPa) Magnetic susceptibility
(3 point smoothed) (SI units)

1.6 1.9 2.2 0 250 0 30 60

: :

~ ^ -

':
 :

-

•

-

1

1 R

2 R

3 R

4 R

5 R

6 R

7 R

8 R

9 R

10R

1 1 R

1 2R

1 3R

14R

15R

1 6R

1 7R

B GRAPE bulk density (g/cm3) Number of particles
(3 point smoothed) (>2mm/10cm interval)

Magntic susceptibility
(SI units)

:

': :

-– -

*- -
m•

1 H

2 H

Λ H

4X

5X

6X

7 X

ex

9X

10X

11X

12X

13X

14X

15X

16X

1 7X

18X

Figure 25. Comparison of downhole GRAPE bulk density and magnetic susceptibility profiles between Holes 9IOC (A) and 910D (B). Also shown are strength
data from Hole 910A (open symbols = vane; solid symbols = penetrometer; see Myhre, Thiede, Firth, et al., 1995), and the number of particles (>2 mm in diam-
eter/ 10-cm-interval of core) derived from an analysis of X-ray images taken of Hole 910D cores (Racket al., this volume).
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Figure 26. Comparisons between frequency distributions of GRAPE density and magnetic susceptibility data from Holes 910C and 910D, and the numbers of
X-ray-interpreted clasts (>2 mm in diameter/10-cm-interval of core) from Hole 910D. The data from Hole 910D are grouped into two intervals to evaluate dif-
ferences between the upper sequence (0-22 mbsf) and the entire cored interval (0-160 mbsf).


