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INTRODUCTION

Sedimentary facies from continental margins contain records of depositional processes within
the outer shelf-slope system during different climate phases. Physical properties measurements
are commonly used to track changes in ice rafted sediment (Niessen et al., 1998, Nishimura et al.,
1998), for non-invasive analyses of whole sedimentary cores and between-core correlation (Pudsey
& Camerlenghi, 1989). :

Because some Antarctic continental marginal sequences are often condensed (Domack &
Harris, 1998), and only a few outer slope cores from the Ross Sea were investigated (Leventer &
Stevens, 1996), there is a basic need to develop ultra-high resolution procedures in order to identify
the best sampling strategy. In fact, complex and condensed internal structures, such as those
inferred by X-ray observation of core ANTA95-89C, may be easily overlooked with a visual
examination. In general, if the distinction between laminates and massive lithofacies is clear, the
sedimentary model of similar types of diamicton and/or laminations remains vague and difficult
to interpret. This is particularly true when marine laminated sediments are genetically related to
outer slope glacial sedimentary environments characterized by complex deep-sea processes.
Because of this, ANTA95-89C presents an opportunity to test the resolution of these methods.
Secondly, preliminary results will be useful for future in-depth study of this core, and may provide
insights into cryogenic sedimentation in the Ross Sea during glacial-interglacial transitions.

Cores from the Pacific margin of the Antarctic Peninsula contain lenticular laminations which
were interpreted as hemipelagites to muddy contourites deposited under weak variable energy
flow pulses (Pudsey & Camerlenghi, 1998). Fine sub-mm size lamination were interpreted as real
marine varves characterized by high sedimentation rates of up to 2.5 m/kyr (Grobe et al., 1992).
While reports of laminated lithofacies from the Antarctic peninsula were available and date back
to 1970’s (Leventer & Stevens, 1996), information on laminated sediments from the Ross Sea are
scarce and scattered through the literature (Nishimura et al., 1998; Brambati et al., 1997).

Only a limited number of works described laminated mud from the Ross Sea (Leventer et al.,
1993), and the major findings were only briefly reported (Leventer & Stevens, 1996). Silty mm-
size laminations from the continental slope were described and interpreted as seasonal successions
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of biogenic (i.e., single layers of different diatom species) and lithogenic flux (Leventer & Stevens,
1996). In another study, low magnetic susceptibility (MS) muddy layers interbedded with higher
MS silty laminations were described from core GC1606 (northern Ross Island, inner Glomar
Challenger basin) and related to an under-floating-ice shelf environment present during the LGM
(Nishimura et al., 1998).

X-ray phothograps offer an advantage in the easy identification of massive lithofacies. However,
relevant differences occur between primary diamicton, directly deposited by ice shelves (ISRD)
on the continental shelf, and secondary diamicton, represented by Iceberg Rafted debris (IBRD)
(Kellogg & Kellogg, 1989). Thin, high-density packed, and low to high-density structureless
massive diamictons are potentially related to episodic fallout of IBRD, especially when alternating
with laminated layers (Pudsey & Camerlenghi, 1998).

A fine to coarse-grained stratified diamicton unit, described as “laminated” was recognized
by X-ray photographs in ANTA-91 30C (Drygalski Basin). The unit boundaries were dated between
18.1 and 10.9 kyr BP, and cold-dense water flow was likely responsible for its layered structure
(Brambati et al., 1997). Structureless massive, low to high-density diamicton with sparse chaotic
gravel is a lithofacies which is produced in seaward sub-ice shelf environments (Domack &
Harris, 1998), sediment drift (Pudsey & Cametlenghi, 1998), and is found in deep-sea cores from
both northern and southern hemispheres. Domack & Harris (1998) recognized a very similar X-
ray condensed lithology in cores collected in the central north side of the Ross Sea Embayment
and in the Mac Robertson Shelf. In these cores, massive and laminated lithofacies alternate.

Relevant points of interest, which will be addressed in further investigations, are whether the
different isolated massive layers shared similar genetic mechanisms, depositional process and
sources. Studies of this nature have not yet been carried out in the Southern Ocean as they have
for the North Atlantic, due to lack of geological information from the Antarctic continent.

In the North Atlantic, multi-component investigation via radiogenic isotopes, demonstrated
that a) the composition of sand-size-IRD (i.e., different ratios of biogenic carbonatic debris and
terrigenous inputs) can be due to different sources and pathways, and b) differences and similarities
can occur between the glacial and interglacial background sediment (sensu Gwiadza et al. 1996),
which contain the coarse IRD. In fact, the lead isotopic composition patterns, within the same
Heinrich layer 3 (H3), differs between the western North Atlantic sites (e.g., core V28-82). Also,
Heinrich layers H6 and H3 (Gwiadza et al., 1996), and H1 (Hemming et al., 1998) from V28-82
have significant geochemical and lithostratigraphic differences relative to H2, H4, and H5.

Comparisons of physical parameters (i.e., P-wave velocity vs. Magnetic Susceptibility) can
detect compositional differences (i.e., dilution of carbonate-bearing sediments by IBRD) and
dropstones lithology (e.g., granite, dolerite clast) (Niessen & Jarrad 1998). Niessen & Jarrad
(1998) suggested the use of “empirical relationship” between physical parameters in the framework
of Cape Roberis Project (CRP-1). In this paper we will investigate whether there is a similar
empirical relationship between physical properties of ANTA95-89C. We will attempt to identify
differences between the coarse IRD fraction, background sediment, and laminated facies. Then,
we plan to test if the variables affecting the r values of the empirical relationships can be identified
(i.e., by sediment and multi-component radiogenic isotopes analyses), and whether physical
properties patterns can provide investigators with a valuable diagnostic tool for tracking differences
in ultra-high mode. Finally, we will use these relationships to validate first-hand information on
deep processes in the outer slope sedimentary environment, and investigate how the Ross Sea
Antarctic margin responded to past climate change.
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Fig. I - Bathymetry of the Western Central Ross Sea. The map shows the location of core ANTA95-89C. Solid lines
represent the isobaths at 500, 1000, 2000 and 3000 m-depth.

STUDY AREA

ANTA95-89C, a 404 cm-long gravity core, was taken from the outer slope of the Ross Sea
(74 29.100°S — 175 34.059°W) at a water depth of 2058 m (Fig. 1) during the 1994/95 austral
summer cruise of the R/V Italica (PNRA). The core was collected from the lateral gentle slope
(rise environment) close to the main canyon drainage system along the same Glomar Challenger
Basin orientation (Fig. 1). The basin morphology is genetically related to Ice Stream “C” activity
(Bentley & Jezek, 1981) and the confluence of Ice streams A and B (Anderson et al., 1992;
Hughes, 1977). Deep-sea processes in the northeastern side of the Ross Sea remain poorly
understood and only a limited number of deep-sea cores, mainly collected during Eltanin cruises,
were examined (Anderson et al., 1992; Osterman & Kellogg, 1979; Truesdale & Kellogg, 1979,
Watkins, 1972). A complex channel-levee system was recognized from analysis of seismic data
in this part of the outer slope (Fig. 2). Hence, the geological setting of the area, and its special
bottom topography might potentially lead to a variety of oceanographic and sedimentary processes
(e.g., high density flows related to advances and retreats of the ice shelf, turbidity events, contourite
flows, etc.). Consistent submarine erosion (Fillon, 1972) was recognized by the occurrence of
mixed middle Tertiary to early Quaternary diatom assemblages (Truesdale & Kellogg, 1979).
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Fig. 2 - Multi-channel seismic line M87007 (SCAR Antarctic Seismic Data Library System) collected during the 1987
Marine Geological Expedition (MAGE) of Murmansk (Russia). Core ANTA95-89C was taken 2-km away from the
profile. The Core is positioned on the seismic transect to show its location relative to the channel-levee systems area (See
Fig. 1 for location).

Benthic foraminiferal assemblages of recent species were also recognized from sites proximal to
the study area (Osterman & Kellogg, 1979) perhaps related to Pleistocene sediments (Truesdale
& Kellogg, 1979).

MATERTALS AND METHODS

By assuming that the single levels characterized by pure end-member lithofacies represent
discrete sedimentary episodes, several different methods were used to identify them. They consisted
of i) preliminary identification of the main lithofacies by X-ray photo graphs; if) estimation of the
physical properties logs and covariation in order to identify different intervals and down-core
trends; iif) comparison of the detected boundaries from the previous two steps to constrain the
best sedimentary intervals; iv) quantification of each interval physical features using statistical
parameters such as Average and Standard Deviation (STD), the lowest STD representing pure
physically well characterized end-members lithofacies; v) to further test the end-member lithofacies
by Correlation Coefficient (r) and identify potential changes in the sources and processes building
up apparently similar sedimentary sequences.

X-RAY PHOTOGRAPHS —~ANALYSIS AND LITHOFACIES IDENTIFICATION

X-ray photographs (Agfa Strutturix DX 4) were made at the “Grandi Motori” facility in Trieste,
and a total of ten negative 40 cm-long radiographs were analyzed. The textural composition of
sedimentary intervals was interpreted by gray-tone pattern from the sediment responses to the X-
rays penetration and any fine to coarse structure of the matrix (i.e., muddy, sandy, tephra layers,
wavy lamination, IRD-gravel pattern, etc.) can be easily detected (Bouma, 1964; Backer &
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Tab. I - X-ray color standard determination proposed for X-ray lithofacies according to the Munsell Soil Color Chart
(1975) (gray scale for gley-type sediemnt). One or more features, listed in column (on the right), are interpretations from
X-ray lithofacies and intervals.

Munsell Soil Colour Colour name X-ray lithofacies Intervals Interpretation
Chart code
5B 71 ligth bluish gray L2a,D3,SD2  INT-1, INT-2b, INT-5b, INT- - bioturbated mud
12a,¢ - sandy laminations

'

pebbles/cobbles
single lamina
high density IRD
5B 6.5/1 Light bluish- bluish gray ~ D3,SD1,SD2  INT-4,INT-8, INT-10, INT-12b, - low density IRD
INT-16

f

'

mud chips
IRD - tiny-layer

5B 6/1 bluish gray L3 INT-17, INT-18 - fine silty-sand sediment
- homogenous mud
5B 5.5/1 bluish gray L2b INT-3 - mud veins and inclusions
- fine laminated sandy mud
SB5/1 bluish gray L1 INT-7a, 7c, INT-9b ~ homogenous mud
5B 4.5/1 Bluish-dark-bluish-gray L1, L2 INT-19, INT-22, INT-13 - sub-mm laminated mud
- single cm-thick mud lamina
5B 41 Dark bluish gray 1.2 INT-11 - cm/mm-thick laminated mud

Friedman, 1969). The gray-tone pattern of each X-ray photograph was quantified by using the
Gray scale of the Munsell Soil Color Chart (1975) for Gley soil-type (HUE 5B) in order to provide
a standard descriptive tool. Four main “VALUE” degrees (from 7/1 to 4/1 ) and the same
“CHROMA” (/1) allowed any slight change in the color of the X-ray photographs to be described
at least by seven degrees of color (Tab. 1) as they result from a combination of all possible
intermediate values (i.e., 6.5/, 5.5/, and 4.5/). This procedure provides a standard chromatic
description for different X-ray lithofacies (Tab. 1).

PHYSICAL PROPERTIES MEASUREMENTS

Logs of physical properties were acquired by the Multi Sensor Core Logger (MSCL Geotek
Ltd., UK), a non-destructive automated system that can log Wet Bulk Density (WBD), P-Wave
Velocity (Vp), and Volume Magnetic Susceptibility (VMS). 1-cm sampling was used. The technical
specification are summarized elsewhere (Gunn & Best, 1998; Niessen et al., 1998). The density
log acquiring procedure employs a radioactive source of ¥’Cs emitting a 1.0-cm gamma ray beam
crossing the core liner each 20 s-measurement. The conversion from gamma ray absorption to
WBD is based upon parameters obtained by experimental calibration. The P-Wave Velocity
measurement system consists of two transducers. The transmitter generates a 250 kHz short P-
wave pulse detected by the receiver after it propagates through the core. The travel distance is
measured from the external core diameter, and a temperature correction is required to process the
P-wave velocity raw data (Gunn & Best, 1998; Niessen et al, 1998).

Two Volume MS data sets were both collected by using a Bartington loop sensor having 3-cm
horizontal resolution. The first whole-core Magnetic Susceptibility (VMS-1) measurement was
acquired by using a 2-cm interval sensor during the R/V Iralica cruise. The second one (VMS-2)
was acquired together with other physical properties at 1-cm intervals via MSCL. The two
measurements were made to test if different sampling conditions (i.e., different operators, sensor
resolution, and onboard/land based data acquisition), and a three-year core storage time will affect
the results.
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Tab. 2 - Average and STD calculated for the Volume and Mass Susceptibility, P-wave Velocity, P-wave Amplitude, and
Wet Bulk Density for Unit A and B, and the 41 intervals. L1, L2, L3, and SD1, SD2, D3 are the main laminated/massive
lithofacies to which the main Intervals 1 to 32 belong. Further explanation in the main text and Core key.

i S (S ey V]
Tnterval MSCLntersal  No VolmeSM o "‘Z:’:_ l‘“’ N Ve N (BN DLT.) Lithofacies Type
INT-1 0.69.6 10 349£35 8 199£17 9 16147152 10 100000 8 177003 L2
INT-2 106176 8 278413 8§ 16.1£0.7 8 1593,6:£29 8 1000204 8 172002 L2
INT-21 10.6-13.6 4 37617 4 206207 4 16180253 4 1000 £00 4 179002 12
INT-2 146-16.6 3 27000 3 156502 3 15924 £30 3 1000 £04 3 1722002 sD2
INT-3 18.6-40.6 2 290418 20 140£07 1) 1586529 23 9632173 20 1.69:£001 L2
INT-4 AL6-458 2 295207 0 or 1 1579.7 6 7422315 0 ar D3
INT-5 168928 4 32436 47 182217 47 1605£105 47 9982 (2 4 1782005 12
INT-5a A6.8-71.8 26 31530 2 180&14 26 1594083 2% 1000 200 26 1752004 L2
INT-5b 728798 8 380208 8 05£0.7 8 1616962 8 990+28 8 185003 L2b
INT-5¢ 808928 13 H06£24 13 172+13 13 1601925 13 1006:£00 13 179:£002 L2
INT-6 938.1108 I 0937 18 f20=21 18 16123470 18 1000 200 18 1752002 12
INT-7 1118-1278 17 23633 1 134x19 17 1628.6£55 17 100000 17 1752001 L1,L2
INI-Ta 1108-1158 6 228204 6 13002 6 16237436 6 100000 6 176001 LI
INT-Th 11681198 a 21805 4 124203 4 16288 £2.9 4 100.0:£00 4 176001 12
INT-Te 1208-1268 7 26222 7 134213 7 1631348 7 1000:£00 7 1752001 L1
INT-8 12881388 1 6864118 1 36553 16539139 11 98532 1 1872006 D3
INTS 1398-187.0 48 31082 29 19844 29 1613.9£85 48 65:412 29 178002 L1, 12
INT-9a 139.8-158.8 “20 351106 14 21+52 14 16212£37 14 7742379 14 1792003 L2
INT-9h 15981720 3 MT£LT 29 ar - o - o - e L1
INT-9¢ 173.0-187.0 15 310£30 15 176=17 15 1607.1£53 1§ 9152187 15 177001 L2
INT-10 188.0-195.0 8 423£65 8 20£30 8 16235176 8 8852 (6.2 8 1.83£008 D3
INT-11 196.0-2130 18 244£40 18 10£23 18 1617.6%50 18 100000 18 1.74£001 L2
INT-12 2170-2380 2 1498£559 2 T38x292 2 1YE122 2 695272 2 2042009 D3
INT-12a 21702220 6 2178+368 6 1097 £190 6 165302324 6 4232321 6 199 £002 b3
INT-12b 22302280 6 16152346 6 800%17.7 6 ITSLIx1H6 6 8422160 6 202006 D3
INT-12¢ . 2902370 9 1050<79 9 198£38 9 18053=1196 9 TA£169 9 211009 D3
INT-13 23902610 3 378467 2 190231 2B jemaextzs 23 100002 £ 198 £0.04 12
INT-14 26202650 s ATR£19 5 220209 s 12ax1s2 S 1000 £00 s 208.£0.04 D3
INT-15 26702820 16 105228 15 19911 15 171642250 16 993:28 15 203004 L2
INT-16 283.0.2922 10 9769 5 264.x10 6 17195 %68 1 0.9 £368 s 211003 n3
INT-17 29322982 6 51829 6 24214 6 17159271 6 1000£00 6 208001 L3
INT-18 2992-309.2 1 672432 1t 321£16 1 1783£607 1L 49033 1 209002 sDI
INT-19 31023142 5 62037 5 J5x12 H 1669.1 £13.1 5 1000 £00 s 203£005 12
INT-20 3142:3192 6 720£23 6 M2+ 13 6 170904 13.1 6 1000 £00 6 2115003 sbt
INT-21 32023282 9 730505 9 344204 [ 16957007 9 1000 £00 9 207002 L3
INT-22 32923362 8 75840 8 389x 17 8 205145 8 1000209 8 2012002 D3
INT-23 33723432 7 T3l 7 sI£13 7 17325£35 7 99026 7 2102001 sD1
INT-24 32362 3 773506 3 369205 3 17150123 3 1000 £04 3 210002 L2
INT-25 H12392 3 797+12 3 31908 3 1723.629.1 3 1000 %04 3 2102002 D3
INT-26 3502-3532 4 770208 4 .7£05 4 17252236 4 100000 4 210001 sD1
INT-27 35423572 + TTR %05 4 369£05 4 1732483 4 1000:£00 4 201003 SD2
INT-28 35823642 7 790£10 7 37406 7 1344%000 7 1000200 7 2012002 L3
INT-29 365.2:3802 16 HT£33 16 BI£1S 16 137050 16 100000 16 209002 D3
INT-30 3812-3852 H 822443 5 BI£16 5 177252204 5 100000 5 2422003 L2
INT-31 386.2-396.2 11 94.1£40 1 436=19 1 1008.1 7.4 1 1000 £00 1 2.16£001 $D2
INT-32 39724042 3 923£06 3 42302 8 17919417 8 9312 7 2.16£0.03 D3
Unit-A 0-216 22 6% 126 187 18270 189 16110+184 212 9054254 187 176005 L1, 12,8D2,D3
Unit-If () 238-404 162 638x182 156 09=8.1 162 (7273403 167 986£10D 160 208£006 1.3,501,5D3, D3
Unit-B (+4) 217404 83 37y 17 63RO g3 7;90ss64 188 9522161 181 208006 L3,SD1,5D3,D3

Notes: IRD-1 = high density, IRD-2 = low density, IRD-3 = stratified

PHYSICAL PROPERTIES AND X-RAY PHOTOGRAPHS

The X-ray lithology was compared with the two Volume Magnetic Susceptibility data sets
(VMS-1 and VMS-2), Mass Susceptibility (calculated from VMS-2), Wet Bulk Density (g/cm?),
Vp (cm/s), and P-wave Amplitude (non-dimensional) logs. Details of the expanded physical logs
coupled with the X-ray photographs (Figs. 5 a, b, and ¢) illustrate how the high-resolution patterns
can detect changes in the complex sequences of the aiternating lithofacies. The selected levels
from procedure 7 to iv were considered for calculation of Average, Standard Deviation (Tab. 2)
and Correlation Coefficient (-1<r<1). For each of the 41 intervals (Tab. 3) r was calculated among
Vp, WBD and Mass MS by assuming that any sensitive variation of r might track at least changes
in the processes shaping the sedimentary model of each layer.
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Tab. 3 - Correlation Coefficient (r) calculated for a) Mass S.M vs. WBD, b) Mass S.M vs. Vp, and c) Vp vs. WBD for the
same intervals of Tab. 2. Both the r values for some minor (i.e., 12a, 12b and 12¢) and main intervals (i.e., 2, 5,7, 9 and 12)
are provided to demonstrate that they increase their significance (r between 0.8 and 0.9 and sometimes near 1) when
calculated for high resolved end-member lithofacies. The “MSCL-Interval” column indicates the discrete interval contain-
ing the core logger data (points of counting) used for calculations.

INTERVAL Lithofacies Interval MSCL-Interval Vp vs, WBD Vp vs. MS MS vs. WBD
INT-1 12 0-10 0.6-9.6 0,954 0,948 0,783
INT-2 L2 10-17 10.6-16.6 0,563 0,124 0433
INT-2a L2 10-14 10.6-13.6 -0,516 -0,990 0,544
INT-2b SD2 15-17 14.6-16.6 0,531 -0,536 -1,000
INT-3 L2¢ 18-41 17.6-40.6 0436 -0,159 0,069
INT-4 SD2 41-46 41.6-45.8 nr nr nr
INT-5 12 46-93 46.8-92.8 0,924 0,634 0,639
INT-5a L2 46-72 45.8-71.8 0,861 0,815 0,891
INT-5b L2 72-80 72.8-79.8 0,692 -0,638 -0912
INT-5¢ 1.2 80-93 80.8-92.8 0,813 0,307 0,381
INT-6 L2 93-111 93.8-110.8 -0,359 -0,241 0,756
INT-7 Li/L2 111-127 111.8-126.8 0,218 0,598 -0,172
INT-7a Ll -7 110.8-166.8 0.875 0,261 0,376
INT-7b L2 117-120 117.8-119.8 0,573 -0,596 -0,161
INT-7¢ Li 120-127 120.8-126.8 -0,121 0,988 -0,148
INT-8 D3 127-139 127.8-138.8 0,904 0,879 0,979
INT-9 L2 139-187 139.8-187.8 0,544 0,750 0,665
INT-9a 12 139-159 139.8-158.8 0,642 0,730 0,597
INT-9b L1 159-173 159.8-173.8 n.r nr. nr
INT-9¢ L2 173-187 174.8-186.8 0,026 0,782 0,128
INT-10 D3 187-195 187.0-194.0 0,695 0,683 0,433
INT-11 L2 195-217 195.0-216.0 0,207 0,144 0,736
INT-12 D3 217-238 217.0-238.0 0,086 -0,395 -0476
INT-12a D3 217-223 217.0-222.0 0,384 0,027 -0,323
INT-12b D3 223-228 223.0-2280 0,577 0,850 0,641
INT-12¢ D3 228-238 229.0-238.0 0,652 -0,168 0,248
INT-13 L2 238-262 239.0-262.0 0,921 0,610 0,569
INT-14 D3 262-267 263.0-267.0 0,849 0,609 0,173
INT-15 L2 267-281 268.0-281.0 0,929 0,746 0,692
INT-16 D3 281-293 281.0-293.2 0,182 -0,086 0,697
INT-17 L3 293-298 293.2-298.2 0,746 -0,903 -0,534
INT-18 SD1 298-309 299.2-309.2 -0,653 -0,342 -0,202
INT-19 L2 309-314 310.2-314.2 0,944 0,66 0,667
INT-20 SDi 314-319 315.2-319.2 0,965 -0,902 -0,853
INT-21 L3 319-328 320.2-328.2 0,877 0,751 0,732
INT-22 D3 328-336 329.2-336.2 0,674 0,286 0,543
INT-23 SDI 336-342 337.2-342.2 0,684 0,368 0,806
INT-24 L2 342-345 343.2-345.2 0,924 -0,926 -1,000
INT-25 D3 345-348 345.2-348.2 0,292 0,932 0,537
INT-26 SD1 348-351 349.2-351.2 0071 0,882 -0,408
INT-27 SD2 351-356 352.2-356.2 0,896 0,819 0,789
INT-28 L3 356-364 357.2-364.2 0,984 -0,659 -0,685
INT-29 D3 364-380 365.2-380.2 0,534 0,097 0,289
INT-30 L2 380-384 381.2-385.2 0,995 0,999 0,991
INT-31 SD2 384-396 386.2-396.2 0481 0,215 -0,104
INT-32 D3 396-404 397.2-404.2 0,979 -0,345 0916
RESULTS

ANTA95-89C consists of at least 32 main intervals with some minor intervals (a to c) within
them (Figs. 3, 4 and 5). A total of 41 intervals originate from the downcore alternation of six
laminated and massive lithofacies types. Two Units, A and B, are present. Unit A includes Intervals
1 (a high 10-cm bioturbated top) to 11 (a Low density laminated mud), while Unit B (217-404
cm-depth) includes Intervals 12 to 32 (Fig. 3).

In the following description high/low density (H-D/L-D) terminology is related to light/dark-
gray tone from X-ray photographs (Tab. 1), and, in most of the cases, really corresponds to such
higher/lower Wet Bulk Density values.

Laminated (L1, L2 and 1.3) and massive diamicton layers including three different types of
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diamicton with plane-crientated gravel (IRD-
2).

D3 - Structureless massive diamicton with
sparse chaotic gravel (IRD-3).

Fig. 3 - X-ray lithology of ANTA95-89C. Numbers
and letter on the right side of each label identify
the different intervals,
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lithofacies (SD1, SD2 and D3) were categorized as follows.

Lithofacies L1 consists of non-laminated/microlaminated to weakly laminated mud. Distinctions
among this lithofacies are difficult because sharp limits are often lacking. L1 was recognized
only for Intervals 7a, 7c and 9b.

Lithofacies 1.2 mainly consists of slight to sharp sub-mm to mm high-density silt-sandy laminations
(L.2a) alternating with fine to coarse-grained, sub-cm to cm-thick, low-density muddy layers
(L2b).

Lithofacies L3 is a fine to coarse-grained, high-density, laminated silt-sand sediment with layers
somewhat closely-spaced by L-D, even well-defined, sub-cm to cm-thick clayey horizons.
Lithofacies SD1 is characterized by high density, fine to coarse-grain stratified sediment with
sparse gravel (IRD-1) and closely spaced interbedded L-D muddy layers. It is very similar to L3
but includes gravel clasts.

Lithofacies SD2 is a L-D to H-D stratified diamicton with plane-orientated gravel (IRD-2).
Lithofacies D3 is a structureless massive/diamicton dominated by chaotic, clustered to sparse
mm to cm-sized gravel (IRD-3) inside an H-D to L-D sandy matrix. Gravel shape and dimension
can vary.

The relationship between lithofacies and intervals, as well as their absolute physical values
are shown in Tables 2 and 3. In general, the very fine to fine-laminated lithofacies progressively
increase in frequency and thickness to the top of the core, while the massive lithofacies, which
dominate the lower section, show more condensed features (Fig. 3). Unit A includes laminated L1
and L2 alternating with four massive SD2 and D3, which correspond to Intervals 2b, 4, 8 and 10
(Figs. 3 and 4). Intervals 1 to 6 are L2 characterized by several changes in the sedimentation
plane (Fig. 5a). In this unit, lithofacies L.3 and SD1 are absent.

Unit B is characterized by massive SD1, SD2, D3 somewhat interbedded by L2 and L3 (Fig. 4).
These laminated lithofacies progressively decrease in thickness and never exceed 9-10 cm-thickness
below Interval 13 (283 em-depth). They also seem slightly different from the laminated lithofacies
of Unit A because they are denser, somewhat coarser, and have an apparent silt-sandy/silty-sand
composition.

The top of Unit B, Interval 12, marks the change from Unit A. Three distinct peaks of WBD,
Vp, and P-Wave Amplitude values are clearly associated with the limits of the internal Intervals
12a, 12b, and 12¢ (Fig. 5b). A prominent peak is also present in Volume MS (up to 250K) and in
Mass MS (up to 130 %). Unit B has thinner intervals dominated by condensed massive lithofacies
characterized by lower physical property values relative to Unit A (Fig. 6). In fact, Mass MS
values vary from 9.2 (Unit A) to 126.9 ST unit (Interval 12 of Unit B) with an average of 18.2 cm?/
g for Unit A and 30.9 cm®/g for Unit B. Vp values vary from 1577 (Unit A) to 1991 (Interval 12)
m/s with averages of 1,611 m/s for Unit A and 727 m/s for Unit B; BWD range from 1.67 to 2.24
(g/em?) with averages of 1,76 g/cm?® for Unit A and 2.08 g/cm?® for Unit B. Averages of Volume
MS range from 31.6 (Unit A) to 63,8 (Unit B) SI. Internal peaks in WBD correspond to massive
lithofacies (Intervals § and 10 in Unit A, and Intervals 12 to 32 in Unit B), also well matched to
the other physical parameters. In Unit A, and in Interval 12 of Unit B, Volume MS peaks where
isolated diamicton occurs. However, Wet Bulk Density also peaks in Interval 5a (72-80 c¢m),
which corresponds to an extremely well-resolved sub-mm dense (silty) laminated interval. The
P-Wave Amplitude, a raw, non-dimensional parameter, normally used as quality control during
MSCL acquiring procedures, seems to be a diagnostic tool because it can fully track dropstones
(i.e., at 53,72, 111, 117, 138, 156, 204, 248, 266-cm depth) and isolated cobbles (i.e., 222, 236,
340 cm-depth) occurring within the laminated mud and coarse sandy matrix of some massive
layers (Fig. 4 and Fig. 5 a, b).
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ANTA95-89C. Interval numbers and lithofacies typ
amplitude illustrates the sensitivity of this parameter

Palaeoclimatic reconstruction

s from marine sediments of the Ross Sea (Antarctica) and Southern Ocean

D1, SD2 and D3, together with detailed logs of Volume and Mass
and Amplitude (Amp.), are shown for selected intervals of core
e are shown close to each X-ray photograph. The log of P-wave
for detecting IRD-pebble/cobble components.
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Volume SN v.s WBD in ANTA-95 89C
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Volume MS (107 81)

Fig. 6 - Volume Magnetic Susceptibility versus Wet Bulk Density. The two clusters, representing Unit A and Unit B are
clearly defined. A separate plot of Level 12 values (included in Unit B) takes account for its quite scattered physical
signature, likely related to the cobbles dimension. Note the different pattern in respect to Unit A and Unit B.

EMPIRICAL RELATIONSHIP

Correlation Coefficient (r) results are shown in table 3 (hereinafter they will be referred as
empirical relationship). The three r somewhat show variable downcore values. Drastic changes in
one or more values of r mark the Unit A lithostratigraphy. Intervals 2b, 8 and 10 have different
values of r. In Interval 8 and 12b (and less in Interval 10) al] three r-values are high positively
correlated. The almost perfect negative value of r (i.e., WBD vs. MS) makes the difference between
Interval 2b and Intervals 10 and 8. Interval 12b strongly differs from Intervals 12a and 12¢ according
to the x-ray observation, and the absolute average values of these intervals (see Tab. 2). Both
Intervals 12a and 12c also have a similar r-pattern.

Unit B contains a more condensed interval sequence. It is characterized by MS vs. Vp and MS
vs. WBD relationship with very high oscillating values of r, which changes from interval to interval.
The empirical relationship WBD vs. Vp has a conservative pattern characterized by very high and
stable r-values (i.e., Intervals from 19 to 24 and Intervals from 27 to 32). Intervals 17 and 28, and
in particular, Intervals 20 and 24, share the same r-signature. That is, a very high negative values
(rnear -1.000) for WBD vs. MS and Vp vs. MS, which are associated with a very high positive r-
value for Vp vs. WBD (r greater than 0.950).

Also, intervals from 8 to 15 are mainly characterized by 1>0, while intervals from 1 to 7b,
from 17 to 20, and from 24 to 28 show extreme changes in r, which can pulse from high >0 to
high r<0 values. This strong oscillation affects only the relationship of Vp and WBD vs MS, and
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implies that the condensed intervals 24 to 28 represent lithofacies with changes due to a factor
affecting the Magnetic Susceptibility, and the P-wave velocity rather than the Wet Bulk Density.
For instance, negative values of this empirical relationship add the information that these coarse
silty-sand intervals show MS inversely correlated to Vp and WBD. Also, this interval package is
constrained at its extremes by two D3 lithofacies (Fig. 3), which correspond to Intervals 22 and
29. In these intervals the empirical relationships completely change (see Tab. 2).

DISCUSSION
LITHOFACIES

Coupling X-ray analyses and physical records allows us to identify two units (Unit A and
Unit B) characterized by physically well defined laminated and massive lithofacies, which are
related to different absolute values (Tabs. 2 & 3). Within each unit, laminated lithofacies (L1, 1.2,
and L3) are characterized by lower values of WBD, Vp, Volume and Mass SM, relative to the
massive lithofacies (SD1, SD2, and D3). Since distinct glaciomarine environments were potentially
recognizable in the whole core, it is quite important to discuss and interpret the sensitivity of the
physical logs in detecting any changes related to different sedimentary processes.

A channel-levee system, and more glacial conditions, were likely responsible for the presence
of the laminated lithofacies. Analyses of the processed data (i.e., physical trend-lithofacies/sub
lithofacies relationship, average + STD, and changes in the downcore r values) suggest different
depositional processes related to the lithofacies L1 and L2 within Unit A, and lithofacies L3
within Unit B.

Lithofacies L1 may be related to hemipelagic sedimentation during interglacials.

Lithofacies L2 is mainly associated with an average thickness near 0.5 mm. It is reasonably
similar to those interpreted as real marine varves deposited under high sedimentary rate conditions
(Grobe et al., 1992).

Some of the low-density L.2-type laminated lithofacies may be similar to those described by
Nishimura et al. (1998). Their occurrence in the inner Glomar Challenger basin was probably due
to a glacial phase during which an under-ice depositional environment prevented any coarse
sand—size IBRD discharge. The bottom topography of ANTA95-89C site, as well of CG1606,
might account for the presence of laminated intervals. In fact, cores taken from the Joides Basin
(Franklin Island) and the marginal side of Drygalski Basin (northwestern slope of Crary Bank)
usually lack laminations.

The wavy laminations, well detected by peaks in all of the physical logs, seem to be related to
changes in the energy of bottom currents. Several changes in the sedimentation plane (i.e., at 50
and 93 cm) may be related to some erosive processes acting during the early Holocene. In fact, a
strong sedimentary hiatus older than 10 800 yr BP was recognized in the topmost portion of the
outer-shelf core ANTA95-77C2 (Bonaccorsi et al., this volume). This assumption is reasonable
since the two cores were retrieved from the same outer shelf-to-slope pathway, along the central
Eastern Ross Sea side of the Antarctic continental margin. :

Sub-lithofacies 1.2a and L.2b were emphasized within Intervals 5, 6 and 9, on the basis of i) their
variable thickness, and i) the relative dominance of fine laminated silty components within cm-
thick muddy layers. It is possible that similar laminations, representing seasonal variation of
lithogenic and biogenic fluxes (Leventer and Stevens, 1996), are annual varves recognized from
the Ross Sea (Leventeret al., 1993). However, weak parallel mud laminations similar to L2b (i.e.,
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Interval 11) and lenticular ones were interpreted as hemipelagites to muddy contourites deposited
under weak irregular energy flow pulses (Pudsey and Camerlenghi, 1998).

Lithofacies L3 is perhaps more closely related to glacial/interglacial phases with some sporadic
episodes of grounding/calving line retreat and, consequently, increase of bottom water circulation
under a floating ice shelf.

Thin, high-density packed massive SD2-type lithofacies (i.e., Interval 2b) and low to high-
density structureless D3 are potentially related to episodic fallout of iceberg rafted debris especially
when alternating with dominant laminated layers (Pudsey & Camerlenghi, 1998).

However, the presence of a laminated lithofacies similar to SD2 could be controlled by the
formation of cold-dense water from East Antarctic Ice Sheet (EAIS) (Brambati et al., 1997).

Lithofacies D3 are widespread in Unit A (i.e., Intervals 2b, 4, 8, and 10). Because of their
razor-shaped anatomy, they look similar to Heinrich layers (H1-5) recognized in the North Atlantic
(Heinrich, 1988; Andrews and Tedesco, 1992; Bond et al., 1993). However, the IRD layers from
ANTA95-89C can have an opposite meaning (such as glacial vs. interglacial) due to their higher
latitude environmental setting (Watkins et al., 1974; Keany et al., 1976). In fact, continental
margin sites, when related to sea ice proximal zone, get very sensitive to any increase in the IRD
input induced by calving line pulses. The physical analyses can track compositional differences
between glacial and interglacial background sediment (sensu Gwiadza et al., 1996), and coarse
IRD fraction can be expected within and between the different massive/stratified diamicton of
core ANTA95-89C.

The alternating lithofacies detected by X-ray-photographs might be either related to late
Pleistocene-Holocene (300-10 kyr up to present time), or even older events if several hiatuses
were present. Also, several alternating layers between fine muddy laminated and massive sandy/
pebbly sediments, as those recognized by Domack and Harris (1998), can attest to alternating
phases related to advance-retreat of the ice shelf grounding/calving line system in the central
north side of the Ross Sea Embayment. Indeed, some of them are perhaps related to the Last
Glacial Maximum (LGM), or to another unidentified cold /warm pulse.

VOLUME AND MASS MAGNETIC SUSCEPTIBILITY

Volume MS-II vs. Volume MS-I shows a significant positive correlation (r=0.995, N=202).
Such a comparison provides an estimate of the sensitivity of the 2-cm measurement, and confirms
that no changes occurred either during shipment or the three-year repository time of ANTA-89C.
In fact, Magnetic Susceptibility changes can easily occur due to disturbance (Rack'et al., 1995) or
alteration of ferromagnetic properties because of potential biomineralization of magnetic minerals
by microbial activity (Moskowitz et al., 1993). Unit A is characterized by low-density laminated
levels (such as L1 and 1.2) corresponding to low Volume and Mass MS values (average K<40,
average ¥<20), and SD3 massive-type ones with well-shaped Volume and Mass MS peaks (K up
to 80, x up to 45). ‘

In Unit B MS shows a high frequency trend corresponding to the 10-20 cm-thick layer, and an
increase of values with respect to depth. Interval 12, a diamicton including ¢m-sized cobbles,
shows very high values (average K=149.8, average ¥=73.9). The frequency of cyclic variations
increases under Interval 15 and, despite the alternating laminated and massive lithofacies, the
Volume and Mass MS are not sensitive enough to distinguish clearly between them.

Biogenic sediments are usnally characterized by low values of Mass MS, while high values
correspond to terrigenous, clastic and/or authigenic ferromagnetic minerals such as magnetite
debris (Bloemendal et al., 1992; Rack et al, 1995). Within Unit A, the well resolved lithofacies 1.1

254 Proceedings of the workshop



X-Ray Lithofacies, Magnetic Susceptibility, P-Wave Velocity and Bulk Density, Core ANTA95-89C

and 1.2, alternating with sporadic SD1 and SD3 layer, might be due to a dominance of biogenic
sedimentation undetlying a progressive and more stable persistence of oceanic conditions. An
increase of biogenic debris is expected when an ice edge retreats during an interglacial phase. In
Unit B, the increase of Volume and Mass MS with depth, and the massive dominating lithofacies,
are likely related to the alternating persistence of more glacial conditions, perhaps modulated by
several episodes of ice shelf expansion/regression.

Ice rafted sediments, having apparently similar fabric, can be related to a wide variety of
depositional environments. SD1 lithofacies from Unit A may represent IBRD that occur in a
dispersed upper core pattern. SD2 seems to be related to the described stratified “compound Ice
Shelf Rafted Debris” (ISRD) that indicates an Ice Shelf Zone environment (Kellogg & Kellogg,
1988).

Interval 12 has an independent trendline (Fig. 6) and its typical WBD vs VMS signature is
consistent with a drastic change in r value related to VMS parameter (Tab. 3) and, when considered
separately, the difference among Intervals 12a, 12b and 12¢ becomes relevant. They might contain
either IRD melted out from an overlying Ice shelf, or current reworked ISRD pushed out from the
shelf because an unusual number of cm-sizes clasts occurs within the diamicton matrix.

Finally, the frequently alternating downcore SD1, SD2 and D3 sequences that become quite
condensed within Unit B, are likely due to such a different shift in the mode of primary and
secondary glacigenic deposits according to the scheme of Kellogg & Kellogg (1989). Among
these, for instance, intervals 24 to 28 could have been deposited under different sedimentary
processes that the drastic changes in the empirical relationship (change in the r values) might be
able to track.

PROCESSES

Potential changes in the geology of exposed interior landforms, different topographically induced
pathways, and cold/warm-based glacier conditions, should be taken into account to explain the
lithofacies driven by climate or shaped by local environmental conditions.

By considering that the core was recovered from the bottom of the slope, more than 2000 m-
deep, in an area characterized by channel-levee system, the sediment could be genetically related
to submarine gravity flow. Hence, fine and coarse facies could be related to the distance of sediment
source, in this case the shelf edge. Even if the alternating laminated and massive lithofacies are
both present in the two units, there is a predominance of laminated facies in Unit A, and a dominance
of massive ones in Unit B. It may be that the continental shelf edge was wider during the deposition
of Unit B, due to an expanded ice sheet. While retreating, the ice sheet mainly generates fine
grain deposits (as those in Unit A) at the shelf edge. The alternating facies observed might testify
to cyclical glacial advances and retreats. The potential hiatus between Units A and B, also
emphasized by the drastic difference in WBD, marks the drastic changes between the two phases,
and Unit B might be significantly older than Unit A. Tt is obviously impossible to distinguish
between an erosive and non-depositional regime solely on the basis of X-ray observations.
However, it is reasonable to argue that bottom current erosion and/or down-slope high-density
flows induced the hiatus. Also, potential relationships between sea-level change and rapid
decoupling of the marine ice sheet were proposed for some drastic events relatéd to such abrupt
late Pleistocene (Thomas & Bentley, 1978) to LGM glacial terminations (Grobe et al., 1992).
Therefore, it is possible that the drastic alternation of lithofacies (such as the D3 at Interval 12),
which occurred in Core 89C testifies to rapid disintegration of the ice sheet. It is also possible that
Interval 12 doesn’t represent a turbidity event because of a) the Mass SM increases up core
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(perhaps due to cm-size cobbles), and b) the apparent absence of direct grading from Interval 12¢
through 12a (X-ray proxy).

Other important factors to take into account are the potential contribution of more ice streams
and glaciers from the interior (e.g., Transanctarctic Mountains, Dry Valleys) as they are potential
sources of detritus contributing to the sedimentary processes (debris flow). Additionally, since
lithofacies SD1, SD2 and D3 (i.e., interval from 14 to 32) show sensitivity changes in their
Correlation Coefficient (Tab. 3), their IRD supply might be related to different phases of the Ross
Sea glacial palacodrainage system. In fact, a different contribution from WAIS (West Antarctic
Ice Sheet) and EAIS can be expected due to their different glacial dynamics over time
(Oppenheimer, 1998). A similar contribution from both these sides to the Core 89C site is possible
since the Glomar Challenger basin develops at the boundary between WAIS and EAIS drainage
system. The different lithofacies, are in fact tuned by several primary and secondary interacting
factors that affect glacial transportation, calving and glacial rafting (Warnke, 1970).

CONCLUSIONS

The comparison of two independent series of observations, such as X-ray photographs and
physical property measurements, can be useful for high-resolution investigations and non-
destructive analyses on cores. It provides remarkable results in identifying lithofacies lacking
sharp contacts at less than 1-cm resolution. This is especially useful when these boundaries are
not visible under direct observation, and/or for planning quick strategies for high-resolution
sampling.

Three types of laminated (L1, L2 and L3) and massive lithofacies (SD1, SD2 and D3), were
recognized by X-ray photographs in core ANTA95-89C, and these lithofacies were also well
matched by the physical properties logs.

Units A and B were identified using all variations of the physical proxies, but WBD was most
sensitive. Unit A is characterized by laminated .1 and L.2 and sparse massive D3 lithofacies with
lower average values. Unit B mainly includes massive SD1, SD2 and D3 and less laminated 1.3
lithofacies. Also, within each unit, laminated lithofacies show physical values lower than those
measured for the massive ones.

The lithofacies analysis indicates a hiatus at 217 cm-depth between Unit A and Unit B. The
dramatic change in sedimentation was probably triggered by a glacial vs. interglacial climatic
and/or environmental switch. In fact, mainly massive lithofacies occurrences (and high Volume
and Mass MS values) characterized the glacial phase, while the interglacial was dominated by the
settling of only sparse diamicton levels within the laminated ones. L1 and L2 are probably more
influenced by biogenic sedimentation because of lower values of Volume and Mass MS. The
genesis of lithofacies was due to glacial/interglacial fluctuations of a variable grounded Ross Ice
Shelf, glacial dynamical regimes, and deep-water processes in an outer slope environment
characterized by a channel-levee system. Gravity flows can provide material removed from the
shelf edge by the bulldozing action of an advancing ice sheet or from the slope itself. Additionally,
bottom currents, producing fine laminations and/or true marine varves could rework fine grain-
size sediment. The widespread presence of Tertiary diatoms may be proof of such reworking
(Lloyd Burckle, personal communication, 1999). A detailed investigation of the recognized
lithofacies should be addressed to gain a better understanding of deep-water processes responsible
for the finely laminated layers. By considering results from table 3, the interpretation of the three
r values could offer useful elements to recognize in advance similarities and differences among
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apparently similar X-ray lithofacies. However, the use of Correlation Coefficient (r) as a quite
sensitive, analytical tool for tracking environmental changes in the factors affecting the physical
features, should be validated by further sediment analyses because of its still empirical nature.

Finally, such changes are expected to occur in the petrology of IRD layers of ANTA95-89C
and more petrologic-geochemical (e.g. radiogenic isotope) investigations are needed, as they are
the only realistic tools for tracing diamicton provenance.
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