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12. CYCLIC SEDIMENTATION AT SITES 745 AND 7461

Werner U. Ehrmann2 and Hannes Grobe2

ABSTRACT

The upper Miocene to Pleistocene sediments recovered at ODP Sites 745 and 746 in the Australian-Antarctic Basin
are characterized by cyclic facies changes. Sedimentological investigations of a detailed Quaternary section reveal that
facies A is dominated by a high content of siliceous microfossils, a relatively low terrigenous sediment content, an ice-
rafted component, low concentrations of fine sediment particles, and a relatively high smectite content. This facies cor-
responds to interglacial sedimentary conditions. Facies B, in contrast, is characteristic of glacial conditions and is domi-
nated by a large amount of terrigenous material and a smaller opaline component. There is also a prominent ice-rafted
component. The microfossils commonly are reworked and broken. The clay mineral assemblages show higher propor-
tions of glacially derived illite and chlorite.

A combination of four different processes, attributed to glacial-interglacial cycles, was responsible for the cyclic fa-
cies changes during Quaternary time: transport by gravity, ice, and current and changes in primary productivity. Of
great importance was the movement of the grounding line of the ice shelves, which directly influenced the intensity of
ice rafting and of gravitational sediment transport to the deep sea. The extension of the ice shelves was also responsible
for the generation of cold and erosive Antarctic Bottom Water, which controlled the grain-size distribution, particularly
of the fine fraction, in the investigated area.

INTRODUCTION

Ocean Drilling Program (ODP) Leg 119 Sites 745 (59°35.710'S,
85°51.600'E) and 746 (59°32.8235'S, 85°51.780'E) were drilled
in water depths of 4082 and 4059 m, respectively (Fig. 1). The aim
was to obtain a deep-water Neogene reference section that could
be compared with the sections in shallow and intermediate water
depths drilled on the Kerguelen Plateau previously on Leg 119
(Sites 736,737, 738, and 744) and later during Leg 120 (Sites 747-
751). Sites 745 and 746 are about 5.5 km apart within the Austra-
lian-Antarctic Basin, just east of the steep southeastern flank of
the Kerguelen Plateau. They are beneath the present-day Antarc-
tic Bottom Water (AABW; Emery and Meincke, 1986).

Both sites were drilled near the crest of the East Kerguelen
Ridge (Houtz et al., 1977). This large sedimentary ridge is mor-
phologically and seismically similar to sediment drifts. It parallels
the eastern flank of the Kerguelen Plateau, from which it is sepa-
rated by a depression about 10 km wide, for about 550 km. At
the site locations, the ridge crest rises about 400 m above the sur-
rounding deep-sea floor. Seismic investigations indicate that the
sediment distribution is influenced by currents (Barron, Larsen,
et al., 1989).

The upper Miocene to Quaternary sedimentary sequence re-
covered at Sites 745 and 746 has a pelagic, mixed biogenic sili-
ceous and terrigenous character. It consists almost entirely of al-
ternating clayey diatom oozes and diatomaceous clays (Ehrmann
et al., this volume). In this paper the two main lithologies have
been defined as facies A (clayey diatom ooze) and facies B (diato-
maceous clay).

Cyclic changes of sedimentary facies are well known in Pleis-
tocene sediments from the Antarctic continental margin in the
eastern Weddell Sea (Grobe, 1986; Grobe et al., 1990). The sedi-
ment composition in this area is also characterized by significant
changes in the content of ice-rafted debris, grain-size distribution,
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clay mineral assemblage, and biogenic components. The deposi-
tional environment is controlled mainly by ice rafting and bottom
current transport, whereas primary productivity is influenced by
the sea ice coverage and thus reflects the glacial-interglacial cycles
in detail. The influence of different bottom water current veloci-
ties on the grain-size distribution was observed, for example, in
the northeastern part of the Weddell Sea (Fütterer et al., 1988;
Pudsey et al., 1988). The flow of Weddell Sea Bottom Water is
documented along the continental slope off the South Orkney
Plateau as a contour current forming erosional channel struc-
tures. This current is responsible for changes in grain-size compo-
sition that can also be correlated with the climatic cycles (Fütterer
et al., 1988).

The objectives of our sedimentological analyses were to deter-
mine the effects of AABW on sediment composition and deposi-
tional environment during the Quaternary. Interest was concen-
trated mainly on the source of the detrital sediment component
and the mode of its transportation and accumulation. One pos-
sibility would be that the Kerguelen Plateau supplied sediment
to the sites by downslope movement. However, sediment could
result from northward transport by bottom currents from the
Antarctic continental margin. In the latter case, the cyclic facies
changes possibly would reflect glacial-interglacial cycles con-
trolling the supply of fine- and coarse-grained material.

During glacial periods, the movement of the ice shelf and
thus of the grounding line reaching the shelf break, as reported
from Prydz Bay for several Cenozoic time intervals, may have
delivered terrigenous material to the continental slope (Grobe,
1986; Kellogg and Kellogg, 1988; Vorren et al., 1988; Hambrey
et al., this volume). The finer material was brought in suspen-
sion by major gravitational transport processes, such as sedi-
ment gravity flows, and then redistributed by currents. In con-
trast, during interglacial periods this material may have been de-
posited on the shelf, without being affected significantly by
currents. Other possibilities are that sedimentation was exclu-
sively controlled by fluctuations in the production of siliceous
organisms in the surface water and their preservation in the sed-
iment, by a changing ratio between bottom current activity and
intensity of ice rafting according to the glacial-interglacial cy-
cles, or by combinations of any of these possibilities.
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Figure 1. Location map of ODP Leg 119 Sites 745 and 746. Bathymetry
(in meters) is from GEBCO (Hayes and Vogel, 1981; Fisher et al , 1982).
The position of the Polar Front is according to Whitworth (1988), the
mean sea ice cover in summer and winter according to Dietrich and Ul-
rich (1968).

METHODS
Samples were taken at 8-35-cm intervals from a detailed in-

terval at Site 745 (Sections 119-745B-7H-2 to 119-745B-7H-5)
from 54.0 to 59.3 m below seafloor (mbsf) Sample size was 3-5
cm3. Due to pressure release during the retrieval of the drill
cores from a water depth of about 4000 m, recovery often ex-
ceeded 100%. Depth information in this paper is corrected for
core recoveries >100%.

Carbonate and Organic Carbon
Total carbon content and carbonate-bound carbon were de-

termined on freeze-dried and ground bulk samples using a
Coulomat 702 (Ströhlein Instruments). Total carbon was set
free by heating the sample to 1100°C. Carbonate-bound carbon
was released by treatment with 14% phosphoric acid. Organic
carbon and carbonate (CaCO3) contents were calculated as weight
percent.

Grain Size
Bulk samples disaggregated by freeze-drying and subsequent

treatment with 10% H2O2 were washed through 2-mm and 63-
µm sieves to isolate the gravel and sand fractions. The clay frac-
tion (<2 µm) was separated from the <63-µm fraction by de-
cantation (settling time based on Stokes' law). In order to re-
move the biogenic opaline components from the terrigenous
sedimentary particles, such as quartz, feldspar, and rock frag-

ments, a density separation was performed on the sand and silt
fractions. A sodium-polytungstate solution was used as heavy
liquid, with its density adjusted to 2.3 g/cm3. The separation
was carried out in a centrifuge. Amorphous silica (mainly dia-
tom debris) was removed from the < 2-µm fraction by a 3-min
treatment with a boiling 2 M Na2CO3 leach.

The grain-size distribution of the terrigenous silt fraction (2-
63 µm) was analyzed using a particle-size analyzer SediGraph
5000ET (Micromeritics). Grain sizes were calculated individu-
ally for the bulk sediment, terrigenous components, and opal-
ine components. Statistical grain-size parameters (Folk and Ward,
1957; Folk, 1966) were calculated for the terrigenous fraction.

Clay Mineralogy
The clay mineral composition was analyzed by X-ray diffrac-

tion (XRD) of the opal-free < 2-µm fraction. All samples were
washed free of salt and decalcified. The samples were fixed as
texturally oriented aggregates on aluminium sample holders and
solvated with 60 °C warm ethylene-glycol vapor for about 18 hr
immediately before the analyses. The measurements were con-
ducted on an automated powder diffractometer system PW
1700 (Philips) with CoKα radiation (40 kV, 40 mA), graphite
monochromator, automatic divergence slit, and an automatic
sample changer.

The samples were X-rayed from 2°-40° 20 with a speed of
0.02° 20/s. Individual clay minerals were identified by their ba-
sal reflections at 15-18 Å (smectite), 10 Å (illite), 7 and 3.57 Å
(kaolinite), and 14.2, 7, 4.72, and 3.54 Å (chlorite). Semiquanti-
tative evaluations of the clay mineral assemblage used empiri-
cally estimated correction factors on integrated peak areas of
the individual clay mineral reflections from the glycolated sam-
ples (Biscaye, 1964, 1965; Lange, 1982).

Bulk Mineralogy
XRD analyses were also performed on bulk sediment sam-

ples. They were freeze-dried and then ground in an agate mor-
tar. A mixture of 200 mg of sample and 100 mg of an internal
standard (A12O3) was pressed as randomly oriented slides in alu-
minium sample holders. The quartz content was calculated us-
ing a specific standard curve. Relative changes in the concentra-
tions of other minerals present in the samples were detected by
the mineral/standard peak height or area ratios.

Roundness
The roundness of quartz grains in the sand fraction was de-

termined visually using comparative images (Pettijohn, 1975).

NATURE OF THE SEDIMENTARY CYCLES
As well as showing differences in composition, the diatoma-

ceous clays (facies B) are slightly darker than the clayey diatom
oozes (facies A). The differences, however, are so subtle that
most of them did not result in different color codes from the
Munsell Soil Color Chart. The colors in the investigated interval
range from greenish gray (5GY 5/1) to dark gray (5Y 4/1). All
transitions are very diffuse. Facies B intervals generally have a
cut surface with a smoother texture than that of the facies A in-
tervals. Both lithologies are homogeneous and do not show sig-
nificant internal structures. According to the core descriptions
(Barron, Larsen, et al., 1989), bioturbation does not play an im-
portant role. The boundaries between adjacent facies are mostly
gradational over several centimeters to decimeters or diffuse. In
only a few cases were sharp lower boundaries observed in facies
B. Erosional contacts, however, could not be proved. Facies B
intervals are typically 0.1 to 1 m thick; 167 of them were identi-
fied at Sites 745 and 746 (Ehrmann et al., this volume).

In order to investigate the differences in the sediment com-
position between facies A and facies B in more detail and to
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gain information on the origin of the cyclic sedimentation, a
5.3-m interval from Site 745 was sampled and analyzed. This in-
terval contains three facies B intervals (Fig. 2). The boundaries
with facies A intervals are distinct, with the exception of a dif-
fuse and bioturbated transition at 59.0 mbsf.

Stratigraphically, the detailed section represents part of Qua-
ternary time (Barron, Larsen, et al., 1989). According to paleo-
magnetic data (H. Sakai, pers. comm., 1989; Baldauf and Bar-
ron, this volume), the base of the Jaramillo Event (0.98 Ma;
Berggren et al., 1985) is at 54.3 mbsf, and the average sedimen-
tation rate is estimated as about 5 cm/1000 yr. The 5.3-m-thick
section investigated therefore embraces a time span of about
100,000 yr. Unfortunately, the age control is not sufficient to
calculate accumulation rates for the individual facies A and B
intervals.

General Sediment Composition

The opaline sediment component of both facies consists
mainly of diatoms. Radiolarians, silicoflagellates, and sponge
spicules occur in lesser amounts. The total opal content is 40%-
60% in facies A and 10%-35% in facies B (Fig. 2).

Carbonate occurs as microcarbonate, because no foramini-
fers were detected with the optical microscope. The carbonate
content is relatively constant and low, exceeding 0.5% in only a
few samples (Fig. 2). It does not reflect the cyclic sedimentation
pattern. The highest values, however, occur within facies A, a
feature that also can be seen in the long-term record of Sites 745
and 746 (Ehrmann et al., this volume). The maximum concen-
trations seem to occur at the base of facies A intervals. The car-

bonate content of 7.5% in Sample 119-745B-7H-3, 26-27 cm,
represents the highest value recorded in samples from Sites 745
and 746, although higher values were found in an isolated thin
nannofossil ooze layer at Site 746 (246.7-247.3 mbsf; Ehrmann
et al., this volume). The content of organic carbon fluctuates
between 0.1% and 0.2% without any correlation with facies
changes (Fig. 2).

Because carbonate is a minor sediment component and has
little influence on the bulk sediment composition, opaline and
terrigenous material are the main sedimentary constituents and
are strongly inversely correlated (Fig. 2). According to XRD and
microscopic investigations the terrigenous material consists of
quartz, alkali feldspar, plagioclase, and minor amounts of am-
phibole and accessory minerals. As expected, quartz content
correlates with the amount of terrigenous material and is high-
est in facies B. However, it does not exceed 12%. Because feld-
spar cannot be easily quantified, an XRD quartz/feldspar ratio
was calculated (Fig. 2). The ratio increases slightly upcore and
shows only minor fluctuations. Its trend is similar to the con-
centrations of quartz and total terrigenous material and lacks
significant shifts that could be related to lithologic changes.

Grain Size

As the two facies are characterized by different amounts of
clay and silt-size diatoms, the changes in lithology are well doc-
umented in the grain-size distribution of the bulk sediment (Fig.
3). Opaline particles occur mostly within the 2-63-µm fraction,
but minor proportions also occur in the >63-µm fraction and
as broken frustules in the <2-µm fraction. It is obvious that

Carbonate Organic carbon Terrigenous material Quartz Quartz/Feldspar
(%) (%) (%) (%) (XRD-ratio)

10 30 50 0 2 4 6 0.1 0.2 40 60 80 4 6 8 10 12 1.0 1.5 2.0 2.5

58 -

59 - , Λ ~

Figure 2. Sediment composition in an interval from Hole 745B. The lithology column indicates the cyclic alternations of facies A (clayey dia-
tom ooze) and facies B (diatomaceous clay) and the occurrence of ice-rafted pebbles and granules (see Fig. 4). Data are given in weight percent,
except for the quartz/feldspar in XRD peak-area ratios (Appendix Tkble 1).
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Figure 3. Grain-size distribution in an interval from Hole 745B. The grain size of the opaline and terrigenous sediment components is in percent of
the individual component (Appendix Table 2). For example, opaline sand, silt, and clay add to 100%. Dilution effects arising from enhanced influx of
the respective other components are thus excluded. See Figure 4 for the lithology column legend.

there is an enrichment of fine opaline fragments in facies B and
an enrichment of the larger valves in facies A (Fig. 3).

The grain-size distributions of terrigenous matter do not
show such clear patterns as do the opaline components. How-
ever, there is a tendency for facies A to be slightly enriched in
coarser particles, even if the individual grain-size classes only
poorly reflect the facies changes (Fig. 3). This is confirmed by
the detailed grain-size distribution of the terrigenous silt frac-
tion, which shows a roughly higher concentration of coarse silt
in facies A than in facies B.

The terrigenous sand component is most abundant in facies
A but is not totally absent from facies B. It appears that the
highest terrigenous sand concentration occurs close to the tran-
sition between the two facies. Also, the long-term record (Ehr-
mann et al., this volume) reveals that terrigenous sand, as well
as gravel, is not restricted to one facies.

Statistical treatment of the grain-size data was made for the
terrigenous components (Fig. 4). Both the mean and the median
sizes (Appendix Table 3) tend to show lower <f> values (coarser
size) in facies A. The sorting coefficient ranges from 1.80 to
2.30, documenting typically poor to very poor sorting (Folk
and Ward, 1957; Folk, 1966) of the terrigenous portion of the
glaciomarine sediment. Sorting is better in facies B than in fa-
cies A.

The skewness coefficient is a measure of the asymmetry in
the size distribution of particles in a sediment (Pettijohn et al.,
1987). The coefficient is negative throughout (-0.5 to -0.3;
i.e., the grain sizes on the fine side are cut off). There is a ten-
dency toward stronger negative values in facies A (Fig. 4).

Kurtosis is a measure of the deviation of a grain-size distri-
bution from a log normal distribution (e.g., Pettijohn et al.,
1987). Normal curves have a kurtosis of 1.0. Values > 1.0 indi-
cate better sorting in the central part, and values < 1.0 indicate
better sorting in the tails. In the detailed interval from Site 745,
the kurtosis ranges from 0.7 to 1.2, with low values occurring
predominantly in facies A.

Clay Mineralogy

The clay mineral assemblage consists of smectite, chlorite, il-
lite, and kaolinite (Fig. 5). Chlorite and illite are derived mainly
from the physical weathering of crystalline and metamorphic
rocks and are especially common in marine sediments at high
latitudes (Biscaye, 1965; Griffin et al., 1968). Higher amounts
of kaolinite normally are restricted to tropical regions with in-
tense chemical weathering and soil formation on land. In Prydz
Bay and on the southern Kerguelen Plateau, however, the clay
mineral assemblage can be ascribed to erosion of old kaolinite-
bearing sediments on the Antarctic continent (Ehrmann, this
volume). Smectite is derived mostly from submarine chemical
weathering of volcanic material (Biscaye, 1965).

The total amount of clay minerals (Fig. 5) represents the
nonbiogenic <2-µm fraction of the sediment. Concentrations
range from 25% to 65%, with the lowest found in facies A. The
concentration of individual clay minerals (Fig. 5) is given as a
percentage of the clay mineral fraction (Biscaye, 1964, 1965).
The assemblage is clearly dominated by illite (40%-70%). Smec-
tite is present in concentrations of 10%-45%, and chlorite in
concentrations of generally 10%-20%. Kaolinite is less impor-
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Figure 4. Statistical grain-size parameters (Folk and Ward, 1957; Folk, 1966) of the terrigenous material from an interval of Hole 745B
(Appendix Table 3).

tant and accounts for mainly < 10%, but up to 20%; minimum
values occur in facies A. The highest smectite content is found
in sediments where the total amount of clay minerals is low, cor-
responding mostly with facies A, even if that correlation in
some places (e.g., at about 58 mbsf) is not very sharp. There is
no correlation between the individual clay minerals other than
that between smectite and illite.

Composition of the Terrigenous Sand Fraction
The nonbiogenic sand fraction (>63 µm) of the sediments

does not show any major compositional changes. The quartz
and feldspar content is very homogeneous (Fig. 6), and there-
fore the quartz/feldspar ratio, as a measure of transport wear, is
also relatively constant. Along with these two minerals, amphi-
bole and/or pyroxene occur in amounts of up to 8%. Accessory
minerals garnet, glauconite, and mica are also present. All rock
fragments are of gneissic or granitic composition. Their concen-
trations range from 1% to 9%, with peak values found in facies B.

Well-rounded sand-sized quartz grains are rare to absent in
samples from the interval investigated, never exceeding 1.3%.
Rounded grains normally range from 0% to 4%, with only two
samples showing a higher proportion. Subrounded quartz grains
occur in concentrations of about 20%. Most of the quartz sand
grains (about 70%) belong to the subangular class. Angular
grains comprise up to 10% (Fig. 6), indicating that most of the
grains show little or no evidence of abrasion. It is clear that
there is little variability in the roundness of the sand-sized
quartz grains and that the fluctuations cannot be related to lith-
ologic facies changes.

ORIGIN OF THE SEDIMENTARY CYCLES
Productivity

One way to explain the cyclic changes from diatomaceous
clays to clayey diatom oozes as investigated at ODP Site 745 is
to attribute them to dilution effects. It is possible that terrige-
nous material accumulated at a constant rate, while at certain
times there was enhanced productivity and/or preservation of
biosiliceous skeletons, resulting in higher biosiliceous accumula-
tion rates.

The distribution of plankton in the surface waters, amongst
other factors, is strongly dependent upon water temperature,
nutrient availability, and light conditions. The productivity of
the surface water and the composition of the sediments depos-
ited beneath it are controlled mainly by the Polar Front, which
represents a major water mass boundary separating the cold
Antarctic Surface Water to the south from the warmer Subant-
arctic Surface Water to the north (Gordon, 1971). The position
of the Polar Front is controlled by global climatic change. At
present, it is at about 45°-50°S and lies close to the Kerguelen
Plateau (Whitworth, 1988), about 1000 km north of Sites 745
and 746 (Fig. 1). However, in the region of the Kerguelen Pla-
teau, the position of the Polar Front is highly variable. Thus,
Deacon (1983) found a southward bend of this oceanographic
boundary between Kerguelen Island and Heard Island. Surface
sediments south of the Polar Front are dominated by biogenic
siliceous sediments, and those close to the continent, by gla-
ciomarine sediments with a dominant terrigenous component.
North of the Polar' Front biogenic calcareous sediments pre-
dominate.
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Figure 5. Amount of terrigenous clay (nonbiogenic, <2 µm) and relative percentages of the individual clay miner-
als smectite, illite, chlorite, and kaolinite in an interval from Hole 745B (Appendix Table 4). See Figure 4 for the
lithology column legend.

The sea ice cover of the Southern Ocean is also controlled by
climatic variations and the position of the Polar Front. Sea ice
plays an important role in productivity, sedimentation processes,
and stability in the water columns. It varies seasonally, as well
as according to the long-term climatic fluctuations represented
by glacial-interglacial cycles (Cooke and Hays, 1982; Burckle
and Cooke, 1983; Burckle, 1984). In the present-day Indian
Ocean close to Kerguelen Plateau, the sea ice reaches as far
north as about 53°S during the winter season, whereas in sum-
mer it is restricted to south of about 64.5°S (Dietrich and Ul-
rich, 1968). Thus, fluctuations in the position of the Polar
Frontal Zone and/or of the sea-ice cover, and thus of the belt of
high productivity around Antarctica, may be responsible for the
fluctuating opal content observed in the sediments of Sites 745
and 746.

In facies B intervals the diatom species Eucampia antarctica,
which has been shown to be more abundant in South Atlantic
sediments within upper Quaternary glacial intervals containing
increased ice-rafted detritus (Burckle and Cooke, 1983), is more
abundant than in facies A. Facies A, in contrast, contains spe-
cies typical of interglacial periods. Glacial-interglacial cycles
can also be recognized in the fluctuations of the radiolarian
Theocalyptra davisiana (Barren, Larsen, et al., 1989; Leg 119
Scientific Party, 1988). Interglacial periods are generally charac-
terized by higher productivity because of the reduced sea-ice
coverage and by the better preservation of opal in the sediment
(Grebe et al., 1990).

The water depth at Sites 745 and 746 exceeds the carbonate
critical depth (<10°7b CaCO3, about 3900 m; Kolla et al.,

1976a) but is less than the carbonate compensation depth (about
5200 m; Van Andel, 1975). For this reason, and because the sites
are far south of the Polar Front, the carbonate content is gener-
ally very low and relatively constant. Peak carbonate produc-
tion occurred during times of enhanced opal accumulation.

Fluctuations in the grain-size distribution of both opaline
and terrigenous material, as well as in the distribution of the
clay mineral assemblages (see the preceding section), prove that
the generation of the cycles cannot be explained exclusively by a
simple dilution effect. Other processes, such as transport by
bottom currents or downslope transport must have been involved.

Downslope Transport

During periods of more extensive glacierization, the Antarc-
tic ice shelves become thicker and more extended than during in-
terglacial periods, because they are stabilized by the continuous
sea ice cover. As the sea level is lowered, the grounding line
moves seaward and, in places, may reach the shelf break (Kel-
logg et al., 1979; Elverhòi, 1981; Grebe, 1986). On the shelf,
terrigenous weathering products and biogenic sediment compo-
nents can be eroded, reworked, and transported by the ice to the
shelf break. Transportation to the deep sea becomes feasible
through the action of bottom currents or turbidity currents or
as a result of slumping. Melting icebergs can bring basal debris
directly to the deep ocean. Sediment, which during interglacial
times is trapped on the shelf in front of the grounding line, may
be "bulldozed" to the continental slope or incorporated into the
base of the glacier as it advances across the continental shelf
(Anderson et al., 1980; Elverhdi and Roaldset, 1983; Grebe,
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Figure 6. Roundness of quartz grains in the terrigenous sand fraction and concentrations of quartz and

feldspar (by grain counts; Appendix Table 5). Roundness classes according to Pettijohn (1975). See Figure

4 for the lithology column legend.

1986; Vorren et al., 1988). The prograding sedimentary se-
quence on the Prydz Bay shelf may also be due to this process
(Barron, Larsen, et al., 1989; Hambrey et al., this volume).

Downslope transport can explain the enhanced influx of ter-
rigenous material during facies B glacial intervals. As for the
opaline matter, the grain-size distribution of the terrigenous ma-
terial also indicates that the fluctuations in the amount of this
sediment component cannot be explained exclusively by dilution
effects. During gravitational transport very slight sorting of the
sediment load takes place as a result of the formation of turbi-
dites (Fig. 4). Mainly the fine material reached Sites 745 and 746
as distal turbidites (Figs. 3 and 4), whereas the coarser material
probably accumulated in the deep-sea basin closer to the conti-
nent or on the continental slope. Downslope transport also ex-
plains the greater importance of illite and chlorite, which are
typical of physical weathering conditions on land. Illite and
chlorite are probably delivered from the hinterland of the Prydz
Bay area. The occurrence of broken opaline frustules in the < 2-
µm fraction (Fig. 3) together with a peak occurrence of re-
worked radiolarians in facies B (J.-P. Caulet, pers. comm.,
1988) is also due to these processes.

Eight thin silt layers were recorded at Site 745 (Barron, Lar-
sen, et al., 1989). All but one of these occur within facies B.
They are well sorted, have relatively sharp upper and lower con-
tacts, and consist mainly of subangular to angular quartz and
feldspar grains; fragmented diatom and spicule material is also
present. Some of them are graded with heavy mineral concen-
trations at the base and some are laminated (Barron, Larsen, et

al., 1989). Thus, a turbiditic origin is probable, even if winnow-
ing out of the finer material by currents cannot totally be ruled
out for some of the silt layers. The turbidites might have been
triggered by ice advances close to the shelf edge during low sea-
level stands and/or by storms. This is consistent with the hy-
pothesis that facies B accumulated during glacial periods.

Ice Rafting

The gravel content of sediments from Sites 745 and 746 indi-
cates that ice rafting was an important factor, at least at certain
times (Ehrmann et al., this volume). Although our samples did
not contain gravel, some pebbles and granules were noted in the
interval investigated (Figs. 2-6). The gravel, like the terrigenous
sand, occurs in higher concentrations in facies A intervals.

Our investigations of the roundness of sand-sized quartz
grains indicate that the grains experienced little abrasion and
that there is no significant difference in abrasion between grains
from the two facies. The quartz/feldspar ratio, an expected in-
dicator for transport abrasion, is constant in both the bulk sedi-
ment and the sand fraction. For this reason, most of the sand is
thought to have been brought to the site of deposition by ice
rafting. Short-distance downslope transport of the sand fraction
from the nearby continental slope, however, cannot be ruled out
totally.

The general grain-size distribution of an ice-rafted sediment
resembles that of a till, with all grain-size classes represented in
roughly equal parts. While the larger particles quickly settle to
the sea bed, the fine particles are prone to winnowing. How
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much of the finer ice-rafted material is recorded in the sedi-
ment, therefore, is dependent on current velocities.

The Kerguelen Plateau is not a likely source of the sediment
particles deposited at Sites 745 and 746. All the gravel and sand-
size rock fragments are of gneissic or granitic character and re-
semble the rocks of the East Antarctic craton. Sedimentary clasts
and basaltic components, which could have been derived from
the plateau, are totally absent (Ehrmann et al., this volume).

Deep-Water Circulation
AABW, which today fills the Australian-Antarctic Basin (Fig.

1), is formed mainly along the Adélie Coast and in the Ross Sea
(Jacobs et al., 1970; Eittreim et al., 1972a, 1972b). It travels
west, close to the Antarctic continent, until it hits the Kerguelen
Plateau. There it is diverted to the north and flows parallel to
the plateau (Kennett and Watkins, 1975, 1976; Kolla et al.,
1976b). The AABW incorporated sedimentary particles that are
suspended in the dense shelf water that sinks from the shelf
break to the deep sea to form new AABW (Eittreim et al.,
1972b). AABW also interacts with the bottom sediment and
may cause erosion. The sediment load, carried by the current,
mostly settles out during its passage along the western side of
the basin (Eittreim et al., 1972a). It may thus be responsible for
the East Kerguelen Ridge sediment drift, which is aligned paral-
lel to the bottom current.

Seismic lines and 3.5-kHz records from Leg 119 confirm that
currents influence the distribution of sediment. The top of the
East Kerguelen Ridge has a wavy topography and the thick-
nesses of the sedimentary sequences are greatest on top of the
ridge (where Sites 745 and 746 are situated) and on gentle slopes
(Barron, Larsen, et al., 1989). Also, the relatively high number
of older reworked diatoms and the occurrence of neritic and
benthic diatoms throughout Sites 745 and 746 (J. Barron, pers.
comm., 1989) provide evidence of bottom current activity.

Two mechanisms for the formation of bottom water have
been discussed: deep convection in the open ocean triggered by
increasing salinity in the surface waters during the formation of
sea ice (Gordon, 1978, 1982; Killworth, 1979; Gordon and Hu-
ber, 1984) and mixing processes mainly off ice shelves and on
continental slopes, as, for example, in the southern Weddell Sea
(Foster and Carmack, 1976; Foster and Middleton, 1979; Fold-
vik et al., 1985; Foster et al., 1987). Ice Shelf Water, a major
component in the formation of bottom water, is supposed to be
formed under ice shelves (Hellmer, 1989).

As a result of the higher sea-level stand during interglacial
periods, larger marginal parts of the Antarctic ice sheet are de-
coupled from the sea bed, which increases the size of the ice
shelves. Water is able to flow beneath the ice and produce cold,
dense Ice Shelf Water, which then mixes with Warm Deep Water
and flows out over the shelf break into the deep ocean to form
new AABW (Foldvik and Gammelsród, 1988). Interglacial AABW
circulation should therefore be stronger than during the glacial
periods and increasing deep-sea erosion and transport of finer
particles at the sediment/water interface by bottom currents
would be expected. Even an increase in bottom water due to sea
ice formation supports stronger current activities during inter-
glacial periods, when sea ice is newly formed every season.

The sediment of facies A, which is thought to represent in-
terglacial conditions, is depleted in the finer grain sizes of both
terrigenous and opaline components. Despite winnowing, how-
ever, the terrigenous component of facies A does not become
better sorted than the terrigenous material of facies B that is
supplied by downslope transport.

CONCLUSIONS
A variety of sedimentary processes are responsible for the cy-

clic changes in lithology (Fig. 7) observed at Sites 745 and 746.
All processes can ultimately be attributed to glacial-interglacial

cycles. Because the different processes interact in a complex
way, the sedimentological parameters do not always mirror the
climatic and environmental changes sharply. The contacts be-
tween the two principal lithologies are therefore mostly grada-
tional. Bioturbation is only of minor importance.

Facies A consists of sediment deposited under interglacial
conditions. It is dominated by siliceous micro fossils and has a
relatively low terrigenous sediment input, an ice-rafted compo-
nent, a low concentration of fine sediment particles, and a
higher smectite content.

During interglacial times the situation at the Antarctic conti-
nental margin resembled present-day conditions. Most of the
terrigenous detritus carried by glaciers and ice shelves is melted
out close to the grounding line or, in coastal regions without ice
shelves, shortly after calving of icebergs (Drewry, 1986; Kellogg
and Kellogg, 1988). This terrigenous sediment is mostly trapped
on the continental shelf and slope (Fig. 7).

Productivity is relatively high during interglacial periods,
and large amounts of diatoms and radiolarians accumulate near
and south of the Polar Front. Bottom water circulation is
stronger than in glacial periods because of the increased forma-
tion of cold and dense water beneath the Antarctic ice shelves,
which is an important process in forming new AABW, possibly
strengthened by the distinct seasonal variations in the formation
of sea ice. Bottom currents at the sites winnowed out the finest
sedimentary particles of terrigenous as well as biogenic origin,
but were not strong enough to sort the terrigenous sediment
components.

Ice rafting was active, especially during the transition from
glacial to interglacial conditions. The decay of the ice shelves
with rising sea level resulted in a large number of calving ice-
bergs containing sediment at their base. Ice rafting decreased as
soon as the grounding line reached its landward limit, and the
decay of the ice shelves was completed (Grobe, 1986). At Sites
745 and 746, however, time resolution is not sufficient to reflect
those processes in detail. Because downslope transport is not a
major mechanism during interglacial periods, ice-rafted mate-
rial dominates the terrigenous sediment components. Sorting of
this material is very poor.

Facies B represents sediment typically deposited under gla-
cial conditions (Fig. 7). It is dominated by terrigenous material
and has a smaller opaline component. The micro fossils com-
monly are reworked and broken. The clay mineral assemblages
show a higher proportion of illite and chlorite, which are char-
acteristic of physically weathered rocks of the East Antarctic
craton and were probably reworked from the shelf area.

During glacial periods, the grounding lines of ice shelves
moved seaward and stopped at or close to the shelf break. Shelf
sediments were bulldozed over the shelf break and may have
reached the deep ocean basins by gravitational transport pro-
cesses. A certain amount of terrigenous weathering products
rained out from melting icebergs directly onto the slope. Finer
sediments on the slope could have been transported farther by
currents. Sorting of the facies B terrigenous sedimentary com-
ponent is poor to very poor, but slightly better than that of the
predominantly ice-rafted terrigenous material of facies A.

Once the formation of cold ice shelf water was reduced,
AABW circulation became less erosive in character. Indications
of turbidites, initiated by the advancing grounding line, may be
seen in the few thin silt layers recovered at Site 745.

Productivity decreased during the transition from intergla-
cial to glacial times, as recorded by a lower amount of siliceous
microfossils in the sediments. The large and continuous extent
of sea ice is responsible for low primary productivity as the light
supply in surface waters is reduced (Grobe et al., 1990).

The diatom Eucampia antarctica, which is indicative of gla-
cial conditions, is more abundant in the glacial facies B intervals
than in the interglacial facies A intervals. Furthermore, the gla-
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cial-interglacial cycles are mirrored in the abundance pattern of
the radiolarian Theocalyptra davisiana (Barron, Larsen, et al.,
1989).

Ice rafting was also active during glacial periods. Ice rafting
seems to have been more intense during the transition from in-
terglacial to glacial than during the glacial maxima, but less in-
tensive than during the transition from the glacial to intergla-
cial. Because ice shelves were grounded on the Antarctic conti-
nental shelves and because of the continuous sea ice cover
during glacial maxima, relatively stable situations were estab-
lished. These conditions reduced evaporation in the Southern
Ocean and precipitation on the continent during glacial periods.
Hence, the supply of snow was reduced and the mass balance of
the ice sheets reduced. In addition, sea ice cover may have ham-
pered icebergs from calving and drifting away (Grobe, 1986).
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Appendix Table 1. Sediment composition in an interval investigated in Hole 745B (Fig. 2).

Core, section,
interval (cm)

119-745B-

7H-2, 5-6
7H-2, 15-16
7H-2, 29-30
7H-2, 40-41
7H-2, 48-50
7H-2, 65-66
7H-2, 90-91
7H-2, 110-111
7H-2, 140-141
7H-3, 26-27
7H-3, 48-50
7H-3, 70-71
7H-3, 90-91
7H-3, 110-111
7H-3, 132-133
7H-4, 10-11
7H-4, 32-33
7H-4, 48-50
7H-4, 70-71
7H-4, 98-99
7H-4, 121-122
7H-4, 140-141
7H-5, 10-11
7H-5, 25-26
7H-5, 40-41
7H-5, 48-50
7H-5, 60-61
7H-5, 80-81
7H-5, 97-98

Deptha

(mbsf)

54.00
54.10
54.24
54.34
54.42
54.59
54.83
55.02
55.32
55.67
55.88
56.09
56.29
56.48
56.69
56.97
57.18
57.33
57.55
57.82
58.04
58.23
58.42
58.57
58.71
58.79
58.91
59.10
59.27

Opal
(%)

47.7
40.7
24.5
18.5
16.5
49.5
44.6
40.4
47.1
34.2
13.0
24.1
15.0
20.7
22.5
24.2
53.2
63.8
52.9
55.2
62.1
53.8
45.1
31.8
35.6
39.2

39.2
41.0

Terrigenous
material

( * )

52.3
59.3
75.5
81.6
83.5
50.5
55.4
59.6
52.9
65.8
87.0
75.9
85.0
79.3
77.5
75.9
46.8
36.2
47.1
44.0
37.9
46.3
54.9
68.2
64.5
60.8

60.8
59.0

Organic
carbon

( * )

0.16
0.15
0.14
0.18
0.20
0.16
0.11
0.12
0.11
0.13
0.20
0.09
0.17
0.15
0.14
0.15
0.17
0.17
0.14
0.16
0.15
0.15
0.14
0.11
0.10
0.12
0.10
0.11
0.15

Carbonate
( * )

0.34
0.25
0.36
0.49
0.92
0.60
1.62
0.53
0.31
7.47
0.42
0.45
0.31
0.31
0.22
0.32
0.20
0.36
0.35
0.18
0.17
0.40
1.14
0.77
0.35
0.57
0.24
0.24
0.24

Quartz
(%)

9.2
10.0
12.7
12.5
11.4
6.6
7.0
6.6
6.4
6.2
7.4
8.9

11.1
9.7

11.2
11.5
4.6
7.7
6.0
4.9
4.8
8.7
5.8
6.6
6.2
6.2
7.4
6.2
9.7

Quartz/
feldspar

2.1
2.2
2.2
2.3
2.2
2.0
2.1
1.5
1.6
1.7
1.9
1.9
2.0
2.0
2.0
2.1
1.0
2.3

.5

.5

.3
>.l
.5
.5
.2
.4
.9
.2
.5

Note: Data are given in weight percent, except for quartz/feldspar in XRD peak-area ratios.
a Corrected for recoveries > 100%.
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Appendix Table 2. Grain-size distribution of the bulk sediment and terrigenous and opaline components in an interval from Hole 745B (Fig. 3).

Core, section,
interval (cm)

119-745B-

7H-2, 5-6
7H-2, 15-16
7H-2, 29-30
7H-2, 40-41
7H-2, 48-50
7H-2, 65-66
7H-2, 90-91
7H-2, 110-111
7H-2, 140-141
7H-3, 26-27
7H-3, 48-50
7H-3, 70-71
7H-3, 90-91
7H-3, 110-111
7H-3, 132-133
7H-4, 10-11
7H-4, 32-33
7H-4, 48-50
7H-4, 70-71
7H-4, 98-99
7H-4, 121-122
7H-4, 140-141
7H-5, 10-11
7H-5, 25-26
7H-5, 40-41
7H-5, 48-50
7H-5, 60-61
7H-5, 80-81
7H-5, 97-98

Depth
(mbsf)

54.00
54.10
54.24
54.34
54.42
54.59
54.83
55.02
55.32
55.67
55.88
56.09
56.29
56.48
56.69
56.97
57.18
57.33
57.55
57.82
58.04
58.23
58.42
58.57
58.71
58.79
58.91
59.10
59.27

> 2 mm
(<%)

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Bulk sediment

63 µm-2 mm 2-63 µm

1.6
1.6
1.6
0.5
0.5
2.8
4.1
2.0
2.5
2.9
1.4
0.5
0.2
0.9
0.4
0.2
2.4
2.5
2.3
3.1
4.2
3.1
2.5
1.4
1.5
2.1
1.5
1.9
1.7

62.0
58.8
47.7
42.7
41.3
58.0
58.1
56.1
60.2
47.9
30.9
42.0
34.0
34.6
41.3
39.8
62.9
64.9
64.6
64.8
68.5
64.0
58.2
45.8
46.0
53.1
52.3
55.7
56.8

< 2 µm
(%)

36.5
39.6
50.7
56.8
58.2
39.2
37.8
42.0
37.3
49.2
67.7
57.5
65.8
64.4
58.3
60.0
34.7
32.6
33.1
32.0
27.3
32.9
39.3
52.8
52.6
44.9
46.2
42.5
41.4

Opaline component

63 µm-2 mm 2-63 µm
(%)

2.3
2.8
3.5
2.1
2.3
3.8
5.6
4.6
4.9
7.1
9.5
1.7
0.9
3.9
1.4
0.5
4.2
3.7
4.2
3.0
6.3
4.7
4.5
2.3
2.6
4.0

4.5
4.0

(%)

88.9
88.5
77.9
76.3
72.0
87.5
86.9
86.3
88.2
90.4
76.5
85.6
77.8
72.0
82.7
80.3
90.7
92.0
89.8
93.9
89.6
90.9
94.2
89.5
86.0
88.4

87.6
89.1

< 2 µm

8.9
8.6

18.6
21.6
25.7

8.7
7.5
9.1
6.9
2.5

14.0
12.7
21.3
24.1
15.9
19.2
5.1
4.3
6.1
3.1
4.1
4.4
1.3
8.2

11.3
7.7

7.9
6.9

Terrigenous component

63 µm-2 mir

( * )

1.0
0.8
1.0
0.2
0.1
1.8
2.8
0.2
0.3
0.7
0.2
0.1
0.0
0.2
0.0
0.1
0.4
0.5
0.2
1.4
0.9
1.4
0.9
0.9
0.9
0.8

0.2
0.2

L 2-63 µm
(%)

37.4
38.5
37.9
35.1
35.3
29.1
34.9
35.6
35.4
25.8
24.1
28.2
26.3
24.9
29.3
26.9
31.2
17.0
36.2
29.5
33.8
32.7
28.5
25.4
23.8
30.3

35.1
34.4

<2 µm
(%)

61.6
60.8
61.1
64.7
64.6
69.0
62.3
64.2
64.3
73.5
75.7
71.7
73.7
74.9
70.6
73.0
68.5
82.5
63.6
69.0
65.4
65.9
70.5
73.7
75.3
68.8

64.7
65.4

Appendix Table 3. Statistical grain-size parameters (Folk and Ward, 1957;

Folk, 1966) of the terrigenous material in an interval from Hole 745B

(Fig. 4).

Core, section,
interval (cm)

119-745B-

7H-2, 5-6
7H-2, 15-16
7H-2, 29-30
7H-2, 40-41
7H-2, 48-50
7H-2, 65-66
7H-2, 90-91
7H-2, 110-111
7H-2, 140-141
7H-3, 26-27
7H-3, 48-50
7H-3, 70-71
7H-3, 90-91
7H-3, 110-111
7H-3, 132-133
7H-4, 10-11
7H-4, 32-33
7H-4, 48-50
7H-4, 70-71
7H-4, 98-99
7H-4, 121-122
7H-4, 140-141
7H-5, 10-11
7H-5, 25-26
7H-5, 40-41
7H-5, 48-50
7H-5, 60-61
7H-5, 80-81
7H-5, 97-98

Depth
(mbsf)

54.00
54.10
54.24
54.34
54.42
54.59
54.83
55.02
55.32
55.67
55.88
56.09
56.29
56.48
56.69
56.97
57.18
57.33
57.55
57.82
58.04
58.23
58.42
58.57
58.71
58.79
58.91
59.10
59.27

Mean

(Φ)

9.4
9.4
9.5
9.7
9.8
9.7
9.3
9.7
9.6
9.9

10.1
9.9

10.0
10.1
9.9

10.0
9.6

10.1
9.4
9.6
9.3
9.4
9.7
9.9
9.9
9.7

9.5
9.5

Median
(Φ)

10.0
10.0
10.0
10.2
10.1
10.3
10.0
10.2
10.1
10.4
10.4
10.3
10.4
10.4
10.3
10.4
10.3
10.7
10.2
10.3
10.2
10.2
10.3
10.4
10.5
10.2

10.2
10.2

Skewness

-0.34
-0.34
-0.32
-0.32
-0.26
-0.40
-0.39
-0.35
-0.35
-0.39
-0.31
-0.30
-0.31
-0.30
-0.33
-0.31
-0.41
-0.48
-0.43
-0.43
-0.45
-0.44
-0.42
-0.39
-0.42
-0.35

-0.41
-0.41

Kurtosis

0.7
0.7
0.8
0.8
0.9
0.9
0.8
0.8
0.8
1.1
1.1
1.0
1.0
1.0
0.9
1.0
0.8
1.6
0.7
0.9
0.8
0.8
0.9
1.1
1.2
1.0

0.8
0.8

Sorting

tt>)

2.3
2.3
2.2
2.0
1.9
2.2
2.4
2.1
2.2
2.0
1.8
1.9
1.8
1.8
1.9
1.8
2.2
2.1
2.4
2.3
2.5
2.5
2.2
2.1
2.1
2.1

2.3
2.3
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Appendix Table 4. Amount of terrigenous clay (nonbiogenic, < 2 µm)
and relative percentages of the clay minerals smectite, illite, chlorite, and
kaolinite in an interval from Hole 745B (Fig. 5).

Core, section,
interval (cm)

119B-745B-

7H-2, 5-6
7H-2, 15-16
7H-2, 29-30
7H-2, 40-41
7H-2, 48-50
7H-2, 65-66
7H-2, 90-91
7H-2, 110-111
7H-2, 140-141
7H-3, 26-27
7H-3, 48-50
7H-3, 70-71
7H-3, 90-91
7H-3, 110-111
7H-3, 132-133
7H-4, 10-11
7H-4, 32-33
7H-4, 48-50
7H-4, 70-71
7H-4, 98-99
7H-4, 121-122
7H-4, 140-141
7H-5, 10-11
7H-5, 25-26
7H-5, 40-41
7H-5, 48-50
7H-5, 60-61
7H-5, 80-81
7H-5, 97-98

Depth
(mbsf)

54.00
54.10
54.24
54.34
54.42
54.59
54.83
55.02
55.32
55.67
55.88
56.09
56.29
56.48
56.69
56.97
57.18
57.33
57.55
57.82
58.04
58.23
58.42
58.57
58.71
58.79
58.91
59.10
59.27

Clay
(%)

32.2
36.1
46.1
52.8
54.0
34.8
34.5
38.3
34.1
48.4
65.9
54.4
62.6
59.5
54.8
55.4
32.1
29.8
29.9
30.3
24.8
30.5
38.7
50.2
48.5
41.9
41.9
39.4
38.6

Smectite
(%)

14
17
11
11
14
21
22
28
28
16
21
24
11
14
20
19
44
35
33
45
11
17
13
19
15
20
34
33
29

Illite
(%)

63
65
54
62
63
62
63
55
55
59
54
56
60
66
57
62
48
44
52
36
69
65
60
63
70
56
53
50
57

Chlorite
(%)

20
10
19
12
5
8

10
12
7

18
17
13
19
13
18
11
3

21
12
11
20
10
12
11
9

13
7

11
6

Kaolinite
(%)

3
8

16
15
17
9
5
5

10
8
8
7

10
7
5
8
5
0
4
8
0
8

15
8
7

10
6
6
8

Appendix Table 5. Concentration of quartz and feldspar (Fig. 6) by grain counts and roundness of quartz grains in the
terrigenous sand fraction (63 µm-2 mm) in an interval from Hole 745B. Roundness classes according to Pettijohn (1975).

Core, section,
interval (cm)

119-745B-

7H-2, 5-6
7H-2, 15-16
7H-2, 29-30
7H-2, 40-41
7H-2, 48-50
7H-2, 65-66
7H-2, 90-91
7H-2, 110-111
7H-2, 140-141
7H-3, 26-27
7H-3, 48-50
7H-3, 70-71
7H-3, 90-91
7H-3, 110-111
7H-3, 132-133
7H-4, 10-11
7H-4, 32-33
7H-4, 48-50
7H-4, 70-71
7H-4, 98-99
7H-4, 121-122
7H-4, 140-141
7H-5, 10-11
7H-5, 25-26
7H-5, 40-41
7H-5, 48-50
7H-5, 60-61
7H-5, 80-81
7H-5, 97-98

Depth
(mbsf)

54.00
54.10
54.24
54.34
54.42
54.59
54.83
55.02
55.32
55.67
55.88
56.09
56.29
56.48
56.69
56.97
57.18
57.33
57.55
57.82
58.04
58.23
58.42
58.57
58.71
58.79
58.91
59.10
59.27

Number
of grains

419
435
447
475
466
426
464
163
447
423
278
275
159
351
95

230
306
427
199
424
392
422
435
429
429
436
206
313
412

Composition (%)

Feldspar

11.9
10.8
9.6
9.9

12.2
14.3
10.6
16.6
10.3
15.8
6.8

11.3
8.8
7.4
9.5

19.6
9.5
4.7

10.1
13.9
11.5
6.6

10.6
13.5
11.4
11.7
19.9
8.3
5.1

Quartz

75.7
79.3
77.2
64.4
65.7
73.5
67.5
74.8
68.0
68.3
52.2
70.2
83.6
80.1
84.2
74.3
73.2
19.4
72.9
72.9
74.2
80.6
75.9
73.4
72.0
73.4
59.2
78.9
72.6

Angular

1.6
5.2
7.0
5.2
3.6

12.1
6.1
5.7
2.6
7.3
3.5
1.6
0.7
2.9
6.3
7.0
4.0
9.6
0.0
0.6
0.7
3.2
0.3
2.9
2.6
2.5
0.0
3.6
3.0

Subangular

73.5
69.6
73.3
67.0
71.6
69.0
76.4
56.6
77.3
70.6
66.9
67.4
63.9
68.7
57.5
67.8
70.1
66.3
75.9
66.3
72.2
66.2
71.2
74.6
62.1
80.9
54.1
73.7
59.5

Roundness (<7o)

Subrounded

21.5
24.0
16.8
25.8
22.9
16.0
11.7
22.1
17.8
19.4
26.2
29.0
31.6
25.3
23.8
21.7
23.2
22.8
21.4
30.4
24.1
27.9
25.2
22.2
32.7
15.0
45.1
20.2
34.1

Rounded

3.2
0.8
2.3
2.0
1.9
2.6
1.9

14.8
2.0
2.4
2.8
2.1
3.8
2.1

11.3
3.5
2.2
1.2
2.8
2.6
3.1
2.4
3.0
0.3
1.9
1.6
0.8
2.4
3.0

Well rounded

0.3
0.3
0.5
0.0
0.0
0.3
0.3
0.8
0.3
0.4
0.7
0.0
0.0
1.1
1.3
0.0
0.4
0.0
0.0
0.0
0.0
0.3
0.3
0.0
0.7
0.0
0.0
0.0
0.3
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