9. SITE 593: CHALLENGER PLATEAU!

Shipboard Scientific Party?

HOLE 593

Date occupied: 28 December 1982

Date departed: 30 December 1982

Time on hole: 2 days, 16 hr.

Position: 40°30.47'S; 167°40.47'E

Water depth (sea level; corrected m, echo-sounding): 1068
Water depth (rig floor; corrected m, echo-sounding): 1078
Bottom felt (m, drill pipe): 1079

Penetration (m): 571.5

Number of cores: 60

Total length of cored section (m): 571.5

Total core recovered (m): 468.21

Core recovery (%): 81.9

Oldest sediment cored:
Depth sub-bottom (m): 571.5
Nature: Nannofossil chalk
Age: Late Eocene
Measured velocity (km/s): 2.340 km/s at 554 m

Basement: Not reached

HOLE 593A

Date occupied: 30 December 1982

Date departed: | January 1983

Time on hole: 25 hr.

Position: 40°30.47'S; 167°40.47'E

Water depth (sea level; corrected m, echo-sounding): 1068
Water depth (rig floor; corrected m, echo-sounding): 1078

! Kennett, J. P., von der Borch, C. C., et al., Inir. Repts. DSDP, 90; Washington (U.S.
Gowvt, Printing Office).
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Bottom felt (m, drill pipe): 1080.3
Penetration (m): 496.8

Number of cores: 27

Total length of cored section (m): 257.3
Total core recovered (m): 227.71

Core recovery (7o): 88.5

Oldest sediment cored:
Depth sub-bottom (m): 496.8
Nature: Nannofossil chalk
Age: Latest Oligocene

Basement: Not reached

Principal results: Site 593 is located on the Challenger Plateau, a west-
ern extension of the New Zealand Plateau. The western part of the
Challenger Plateau provides a shallow-water pedestal of 270 km
distant from the nearest land mass of northern South Island, New
Zealand. This setting has allowed accumulation of an uncompli-
cated Paleogene-Neogene pelagic ooze sequence with virtually no
terrigenous sedimentary influences. Site 593 is a reoccupation of
Site 284, cored during Leg 29 of DSDP.

Site 593 consists of two holes continuously cored to a maxi-
mum sub-bottom depth of 571.5 m. Hole 593 was cored with the
hydraulic piston corer (HPC) from 0 to 245.1 m sub-bottom and
continued to a total depth of 571.5 m with the extended core barrel
(XCB). Hole 593A was continuously cored with the HPC from 0 to
209.3 m sub-bottom, then washed down to 448.8 m and cored with
the XCB to 496.8 m to recover the Oligocene/Miocene transition.
This interval was poorly cored in the first hole.

Site 593 is an apparently continuous stratigraphic sequence from
the late Eocene (42 m.y.) to the Quaternary. A paleomagnetic po-
larity stratigraphy has been identified to the middle of the Gauss
Chron (3.2 m.y.).

The general facies is a foraminiferal-bearing nannofossil ooze
that grades into nannofossil ooze and nannofossil chalk with depth.
Only traces of biosiliceous sediments occur in a few intervals. The
section has been divided into two units of earliest Oligocene to Re-
cent age.

Unit 1 is subdivided into four units:

Subunit IA, of late Quaternary age, represents a veneer (0-6 m)
of yellow gray foraminifer-bearing nannofossil ooze within the oxi-
dized zone near the seafloor.

Subunit 1B, a thick (6-393 m) sequence of Quaternary to mid-
dle Miocene age, is a rather monotonous light-colored foraminifer-
bearing nannofossil ooze to nannofossil ooze.

Subunit IC, a thin (393 to 418 m) early middle Miocene se-
quence, is an oxidized sediment zone of pale orange color.

Subunit ID, is a thick (418 to 545.5 m) sequence of nannofossil
ooze of early middle Miocene to earliest Oligocene age.

Unit 11 is a thin (545.5 to 571.5 m) sequence of lithified volca-
nogenic turbidites and pyroclastics emplaced at the Eocene/Oligo-
cene boundary and probably derived from nearby ‘“Lalitha Pinna-
cle.” The volcanogenic rocks are underlain by nannofossil chalk at
the base of the hole. This chalk contains many thin laminae of al-
tered volcanic glass, indicating an episode of active explosive vol-
canism.

Site 593 is a fine, complete stratigraphic succession in southern
temperate waters with abundant, well-preserved planktonic fora-
minifers except in the volcanogenic material. Calcareous nanno-
fossils are abundant throughout, but not well preserved below the
Pliocene. An excellent succession of the benthic foraminifers is pre-
served.

Planktonic foraminiferal zonations are typically temperate in
character. A number of calcareous nannofossil zones are missing
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because the warm-water marker forms are rare or absent. All ep-
och boundaries are well represented between the Eocene/Oligocene
and the Pliocene/Pleistocene boundaries. The Oligocene/Miocene
boundary coincides with a more lithified ooze layer. The Eocene/
Oligocene boundary coincides with the volcanogenic sequence (Unit
I1) with no apparent break in sedimentation. Evidence from the
seismic profiles suggest that the volcanic rocks resulted from a sin-
gle episode of submarine extrusion. These volcanics are approxi-
mately coeval with extensive volcanism in New Zealand, including
the Deborah volcanics of South Canterbury. A number of volcanic
pinnacles with seismic character similar to that of “Lalitha Pinna-
cle” occur over the Challenger Plateau, indicating widespread vol-
canism at that time.

The middle Miocene oxidized ooze (Subunit IC) was deposited
between 15.5 and 15 m.y., immediately preceding the time of ma-
jor ice-sheet growth on east Antarctica. It is, therefore, possible
that it reflects important paleoceanographic changes at an oceano-
graphic front in the Southern Ocean tied to this glacial evolution.
The oxidized sediment contains a temporary benthic foraminiferal
fauna that is typical of oxygen-rich waters.

The late early Pliocene (4-3 m.y.) is marked, as in other Leg 90
sites, by an episode when enhanced carbonate productivity caused
extremely high sedimentation rates.

BACKGROUND AND OBJECTIVES

Site 593 is located on the Challenger Plateau, a west-
ern extension of the New Zealand Plateau (Figs. 1 and 2).
The Challenger Plateau is effectively a topographic ex-
tension of the Lord Howe Rise and its western part pro-
vides a shallow-water pedestal 270 km distant from the
nearest land mass of northern South Island, New Zea-
land. This setting has allowed the accumulation of an
uncomplicated sequence of Neogene pelagic ooze with
virtually no terrigenous sedimentary influences.

Site 593 is a reoccupation of Site 284, which was cored
during Leg 29 of the Deep Sea Drilling Project in April,
1973 (Kennett, Houtz, et al., 1975). Site 284 was added
very near the end of Leg 29 when it became apparent
that two spare days could be made available for an addi-
tional site. Because no formal safety panel reviews had
been made, coring was restricted to the upper 208 m lest
hydrocarbons occur below this depth. Site 284 is a valu-
able middle late Miocene to Quaternary sequence of cal-
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Figure 1. Regional bathymetry (fathoms) around Site 593; after Mam-
merickx et al. (1974); Glomar Challenger Leg 90 track shown; heavy
portion locates water gun seismic profile illustrated in Fig. 2.
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careous oozes, located in cool-temperate waters. The site
has provided material for a wide variety of paleoceano-
graphic and biostratigraphic studies (e.g. Shackleton and
Kennett, 1975; Kennett and Vella, 1975; Kennett et al.,
1979; Hornibrook, 1982).

Because Site 284 had been shown to contain an excel-
lent late Neogene section, is was decided to recore this
location using the HPC and the XCB. It was hoped that
a pair of hydraulic piston cores would provide a better-
quality sequence for higher-resolution biostratigraphic
and paleoceanographic studies. Also the section needed
to be extended to include as much of the Neogene as
possible. The seismic profile record (Fig. 2) shows that
the first distinct reflector lies at about 500 m. This may
be the regional Eocene/Oligocene hiatus (or Oligocene/
Miocene, as at Site 592). Therefore a major objective at
Site 593 was to core the entire Neogene sequence. Be-
cause sedimentation rates were known to be high (about
40 m/m.y.) at this location, this sequence was expected
to provide material for high-resolution stratigraphic stud-
ies.

Site 593 is located in the present-day cool-temperate
water mass, about midway between transitional water
masses north of New Zealand and subantarctic waters
to the south. That this lies within the west wind drift
was made apparent by a population of about 70 alba-
trosses that welcomed our ship when it reached the roar-
ing forties!

Significant paleoceanographic changes have been docu-
mented for this latitude (Kennett and Vella, 1975; Shackle-
ton and Kennett, 1975) although no major water mass
boundary migrated across the location of Site 284 dur-
ing the late Neogene. All documented paleoceanograph-
ic oscillations have been confined within the temperate
water mass.

The scientific objectives of Site 593 were much the
same as the other sites in the southwest Pacific latitudi-
nal traverse: to understand, using a variety of analytical
approaches, the Neogene paleoceanographic evolution
of the South Pacific and its relations with global paleo-
environmental change; to develop a tephrochronology
and to study the diagenetic history of the sediment
column.

OPERATIONS

Site 592 to Site 593

The pipe was pulled out of the hole, the rig floor
made secure for sea, and the vessel was under way for
Site 593 at 1242 hr., 27 December. The trip south was
made in pleasant weather. As had become customary, a
direct approach was made and the 13.5 kHz beacon was
dropped on the first pass at 1632 hr., 28 December. The
transit took 27.9 hr. and covered 264.8 n. mi. at an aver-
age 9.5 knots.

Site 593 (SW-2); Challenge Plateau

The routine short hook-up BHA for both XCB and
variable length (VL)HPC work was made up and run to
the shoot-off point for the first piston core attempt. A
good mudline core was recovered, establishing the water
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Figure 2. Water gun profile (Glomar Challenger) near Site 593; bandpass filter 40-160 Hz.

depth at 1079 m, thus spudding Hole 593 at 2155 hr., 28
December (Table 1).

Using the 9.5-m VLHPC with two shear pins, coring
progressed easily through unusually soft carbonate ooze.
Full stroke of the piston corer was achieved on all cores.
At Core 593-22 (206.7 m BSF) a crumpled liner indi-
cated that the adhesive properties of the sediment were
becoming significant. Two cores later the barrel could
not be withdrawn with 30,000 Ib. overpull and was par-
tially washed over to free it; piston coring was then ter-
minated.

The XCB coring tools were then rigged up and de-
ployed. After some initial fine-tuning on the trouble-
some XCB latch good results were achieved for the next
24 cores.

At Core 593-49 shattered liners reappeared. In each
off-numbered core of the next three, recovery was mar-
ginal because the liner was shattered, which suggested
that one of the two XCB tools being alternated was faulty.
However, no obvious problem was discovered. To deal
with the problem, the remaining cores in the hole were
taken by running the XCB tools in on the wire line. By
this means good cores with liners intact were achieved
for the rest of the hole. Core 593-51 became stuck in the
pipe before reaching the bit and could not be worked
loose with the wire line until after the interval had been
drilled, so no core was recovered.

Starting with Core 593-58 at about 550 m BSF, a 10-m
interval of very hard volcanogenic turbidites was encoun-
tered and was cored successfully using the XCB soft-for-
mation cutting shoes.

The hole was terminated at 571.5 m BSF when the
sediments of the Eocene objective were reached.

The bit was pulled to the mudline and the vessel off-
set 100 ft. north by 100 ft. west in preparation for the re-
peat piston core sequence.

Hole 593A

Hole 593A was spudded with a mudline piston core
at 2337 hr., 30 December (Table 1). Piston coring con-
tinued as in the previous hole with no difficulties at all

up to Core 593A-22 at 209.3 m BSF. At this point no
further cores in the piston corer “zone” were desired.
Next the XCB was deployed and washed to 448.8 m BSF
in order to recover the section which lost during the in-
terlude of shattered liners and associated poor recovery
in the first hole. Each of the five XCB cores was taken
by running in on the wire line. Recovery was good through
the boundary except for Core 593A-24 which, apparently,
suffered a slight blockage and recovered only 3.15 m.
The hole was terminated after the fifth XCB core at a
total depth of 496.8 m BSF. The pipe was then pulled
out of the hole and the bit arrived cn deck just 15 min.
after the start of the New Year, 1983.

LITHOSTRATIGRAPHY

The sequence recovered at Site 593 represents two lith-
ostratigraphic units. Unit I has been subdivided into four
subunits based on color and composition (Table 2).

Unit I

The general facies of Site 593 is a foraminifer-bearing
nannofossil ooze that grades into a nannofossil ooze and
a nannofossil chalk with depth. The transition to reduced
abundances of foraminifers, from about 15 to about 5%
(smear-slide estimates only), occurs around 110 m sub-
bottom depth. The facies is predominantly calcareous
nannofossils with very subordinate foraminifers. Other
components, such as quartz and feldspar grains, volcanic
glass, and pyrite(?), only occur in trace abundances
(< 1%) (Fig. 3). Micritic carbonate occurs in persistent
abundances of 5 to 10% from 323 m sub-bottom to to-
tal depth, but the sediment does not become chalk until
562 m. The only biogenic silica found were traces (less
than 1%) of sponge spicules in a zone from about 249
to 296 m sub-bottom.

Subunit IA (Hole 593: 0-1.5 m; Hole 593A: 0-6 m;
late Quaternary)

This subunit recognized by its yellowish gray (5Y 7/2)
color, is foraminifer-bearing nannofossil ooze. The con-
tact with underlying Subunit 1B is gradational over about
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; . Table 2. Lithostratigraphy at Site 593.
Table 1. Coring summary, Site 593.

Lithologic Sub-bottom
Depth from Depth below I units Core Section depth (m) Deseription Age
Date drill floor seafloor Length Length
Core (Dec. {m) (m) cored recovered  Percentage 1A 1 0.0-1.% lowish gray (oxidized late O y
no. 1982) Time Top Bowwom Top Bottom (m) (m) recovered 1A% 0.0-6.0 foraminifer-bearing
nannofossil ooze
Hole 593 B 210423 1.5-393.5 Light gray to white late Quaternary 1o
1A" 10 27 6.0->496.8 foraminifer-bearing middle Miocene
1 28 2220 1079.9-1085.0 0.0-5.1 5.1 5.09 9.8 nannofossil ooze to
2 28 2300 1085.0-1094.6 5.1-14.7 9.6 B.B1 91.7 nannofossil ooze
3 28 2343 1094.6-1104.2 14.7-24.3 9.6 9.21 959 Ic 42-4 10 44 393.8-418.0 Pale orange to yellow middle Miocene
4 29 D03s 1104.2-1113.8 24.3-33.9 9.6 8.86 92.2 gray {oxidized)
5 29 0100 1113.8-1123.4 33.9-43.5 9.6 9.02 939 nannofossil ooze
6 29 0135 1123.4-1133.0 43.5-53.1 9.6 9.11 94.9 1D 45 10 58-2 418.0-545.5 ‘White nannofossil coze early middle Mio-
7 29 0210 1133.0-1142.6 53.1-62.7 9.6 9.22 96.0 cene 1o earliest
B 29 0255 1142.6-1152.2 62.7-72.3 9.6 i 323 Oligocene
9 29 0340 1152.2-1161.8 72.3-81.9 9.6 .17 85.1 i 58-31060  545.5->571.5  Interbedded lithified late Eocene
10 9 0355 1161.8-1171.4 81.9-91.5 9.6 0.0 0.0 volcanogenic turbi-
1 29 0425 1170411810 91.5-101.1 9.6 7.75 80.7 dites and light
12 29 0500 1181.0-1190.6  101.1-110.7 9.6 9.52 99.1 greenish gray to
13 29 0540 1190.6-1200.2  110.7-120.3 9.6 9.39 97.3 whits rannofossl
14 29 0615 1200.2-1209.8  120.3-129.9 9.6 9.45 98.4 chalk
15 29 0635 1209.8-1219.4 129.9-139.5 9.6 9.41 98.0
0 29 om0 iwoinee iise? 96 98 90 3 Cores from Hole 93A; All others from Hole $93.
18 29 0830  1238.6-1248.2 158.7-168.3 9.6 8.93 93.0
19 29 0910  1248.2-1257.8 168.3-177.9 9.6 9.67 100+
20 29 0945  1257.8-1267.4 177.9-187.5 9.6 9.52 9.1 . &
229 1015 1267.4-1277.0  187.5-197.1 9.6 9.70 100+ 5 cm. Subunit IA represents the upper oxidized layer
2 2 113 1277.0-1286.6 197.1-206.7 9.6 6.13 64 - . . i .
21 29 1200 1286.6-1296.2  206.7-216.3 9.6 9.61 100+ and correlates with a similar subunit at Sites 586, 588,
296.2-1305. 16.3-225.9 9.6 9.18 96 . .
g g :ﬁg :JM,S—:JIS.: 225,9—235,5 9.6 9.;3 9 589, 590, 591, and 592. The relatwely 'l'llgh cpntent of
o B I PR gmeald. e i o foraminifers is probably the result of winnowing.
28 2 1650 1334.6-1344.2 254.7-264.3 9.6 7.87 82
29 9 1730 1344.2-1353.8 264.3-273.9 9.6 7.88 B2 5 . i . .
o o NG Do o B E Subunit IB (593: 1.5-393.5 m; 5931;\&:'.0 l\:l? more than
3 29 1840 1363.4-1373.0 283.5-293.) 9.6 T7.45 78 -
2 29 1928 1373013826 293.1-302.7 9.6 6.80 7 496.8 m; late Q“atemary to mi ¢ 'ocene)
R OB B e s s B Subunit IB is a light gray (N6) to white (N9) foramin-
35 29 2145 1401.8-1411.4 321.9-331.% 9.6 6.92 T2 = 3 3 3 o~
2 I AL Wit Sonn s o i 1fer~'bearmg n_annofossﬂ ooze tl}at' grar:les into a nanno
3 B R Gelinie s 9k e o fossil ooze with depth. It is distinguished by its color
910 DHS  1440.2-1449.8 3:0:3469:‘1 96 8.86 % from overlying Subunit IA and underlying Subunit IC.
. X 9= . . 7. . - . .
4 X% M0 umatdo oSI98 o7 100+ Subunit IB is mottled and burrowed and has ubiquitous
42 0 0335 1469.0-1478.6 389.1-398.7 9.6 B.53 B9 3 - 4 ?
B OO G ArElees aatues i b 5% streaks, blebs, and diffusion bands of iron sulfld:s(?).
44 30 0530 |488.2-1497.8 408.3-417.9 9.6 8.77 o1 1et1 H -
oo s i Bl L RN oA Four distinct, very light gray (N5-N7) ash beds are found
4 30 0700 1S074-1517.0 42754371 96 9.65 100+ at 21.5, 27.7, 29.5, and 29.60 m sub-bottom. Unusual
47 0 0758 1517.0-1526.6 437.1-446.7 9.6 B.5% 89 " . 9
48 30 0905 1526.6-1536.2  446.7-456.3 9.6 7.96 83 pockets of foraminifers and pyrite(?) occur between 15
2 OB 1 Erinil searr ot b and 178 m sub-bottom. Small zones of cemented nod-
51 30 1135 1555.4-1565.0 475.5-485.1 9.6 0.0 0 et -
B0 un ) el o e s ules occur between 100 and 110 m sub k.)ottum. The ce
53300 1335 IST46-15842  4947-5043 96 501 52 ment may be either gypsum, found at this same sub-bot-
54 30 1435 1584.2-1593.8 504.3-513.9 9.6 T7.08 74 .
55 30 1525 1593.8-1603.4  513.9-523.5 9.6 9.56 100 tom depth at Site 284 (Kennett, Houtz, et al., 1975), or
20 603.4-1613.0 23.5-533, 9.6 9, 97 = R i
$ 3% 1m0 looiane  spasar 9 s 100+ possibly celestite. Numerous very thin (less than 1 mm)
58 30 1845 1622.6-1632.2  S42.7-552.3 9.6 4.21 4“4 . x
59 30 1955 1632.2-1641.8  $52.3-561.9 9.6 6.60 7 laminae of pale green hues (5G) occur throughout this
® 30 255 lAlS-16314  SELSTES. 9.6 858 i subunit. These thin laminae may represent altered vol-
571.50 468.21 BL9 Canic glass.
Hole 593A
L e mss 10s0a10880 0077 14 166 5.0 Subunit IC (593: 393.8—_418.0 m sub-bottom; middle
231 0035 1088.0-1097.6 7.7-17.3 9.6 B.62 89.8 Miocene)
3 i 0115 1097.6-1107.2 17.3-26.9 9.6 6.90 71.9 .
PO OEE GMENE T o o & Subunit IC is distinguished from two overlying and
6 kil 0320  1126.4-1136.0 46.1-55.7 9.6 Q.46 9B.5 1 1 1 1et1 1
§ gL m el S 4 ] i underlying sub_un!ts by 1t.s d:stl_nctwg pale orange (10YR
8 31 0430 1145.6-11552  65.3-749 9.6 8.22 85.6 8/2) color but is lithologically identical to the surround-
9 3 0510 1155.2-1164.8 74,9-84.5 9.6 9.52 99.1 i . i .
10 31 0610 1164.8-1174.4  84.5-94.1 9.6 8.88 92.5 ing subunits. The upper contact is quite sharp but the
4-1184, 1103, 9, : 91.2 . : c e
BN 0w UMouNe T 9 815 %1 lower contact is gradational and varies in color from very
13 1 0BO0  1193.6-1203.2 113.3-122.9 9.6 B33 91.9 1
14 31 0835  1200.2-1212.8  122.9-132.5 9.6 9.04 94.1 pale orange (10YR 8/2) through yell(!)]wc;sh iray (5Y 8/1)
15 n 0920 1212.8-1222.4 132.5-142.1 9.6 B.79 91.5 1 1 i
16 31 1000 1222412320  142.1-151.7 9.6 9.14 95.5 to light greenish gray (5GY 8/1) wit epth.
17 3 1040 1232.0-1241.6 151.7-161.3 96 9.54 9.3 . 413 0 545 S b h ‘t I
18 3 1110 1241.6-1251.2 161.3-170.% 9.6 932 9.0 . = - .
19 3l 1150 1251.2-1260.8  170.9-180.5 9.6 9.36 97 Subunit .“) (593_' * " _m an 4 otiom; early
20 31 1250 1260.8-12704  180.5-190.1 9.6 9.41 98 middle Miocene to earliest Oligocene)
2 3 1315 1270.4-1280.0 190.1-199.7 9.6 B.71 91 ’ . . .
ey e RS R M h Subunit ID is a white (N9) nannofossil ooze that is
Ba S LT M4 96 ele o identical in lithology to the lower part of Subunit IB.
25 31 1920 IS483-1557.9  468.0-477.6 9.6 8.19 8 Subunit ID is defined by its stratigraphic position below
26 3 2007 1557.9-1567.5 477.6-487.2 9.6 7.50 78 . - .
27 31 2005 IS6T.S-ISTII  487.2-4968 9.6 o0 100 the easily recognized pale orange Subunit IC.
25730 22771 88.5 Between about 475 and 485 m sub-bottom in Hole

593 and about 455 and 468 m sub-bottom in Hole 593A
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there occurs a zone that proved difficult to recover. The
material recovered is composed of very homogeneous,
firm, nannofossil ooze, indistinguishable from the sedi-
ment above and below. This zone occurs across the Mio-
cene/Oligocene boundary, but the significance of the lack
of recovery is unknown.

Unit IT (593: 545.5-571.5 m; early late Eocene)

Unit II is composed of interbedded, lithified volca-
nogenic turbidites and light greenish gray (5GY 7/2) or
white (N9) foraminifer-bearing nannofossil chalk to nan-
nofossil chalk. The turbidites are grayish olive green
(5GY 3/2) to dark gray (N4) and occur as a sequence of
very fine- to coarse-grained packets. Some individual
turbidites display good examples of Bouma A and B di-
visions (coarse massive, graded, to finely laminated) (Fig.
4) which generally dominate Bouma D and E divisions
(very fine-grained).

The interbedded nannofossil chalk is identical in li-
thology to the overlying pelagic subunits but addition-
ally has many thin (less than 2 mm thick), very pale green
(10G 8/1) laminae that appear to be altered volcanic ash.
The upper contact with Subunit ID is very sharp.

30 =

cm

4t

504
593-58-3, 25—-50

593-58-4,75-100

SITE 593
Discussion

The lithofacies at Site 593 is a thick sequence from
the early late Eocene to Holocene that represents re-
markably consistent pelagic conditions. Curiously there
was no evidence of preserved siliceous biogenic materi-
al, even though the area had relatively high biogenic pro-
ductivity—a situation similar to that at Sites 587 through
592. Insoluble residues of bulk sediment yield very small
quantities of quartz grains, light-colored volcanic glass,
clays, and pyrite(?). No evidence was found of ice-rafted
debris at this mid-latitude site, which supports the con-
clusions of Kennett, Houtz, et al. (1975) that the site has
been north of the iceberg limit since the late Miocene
and extends this observation back to the late Eocene.

The color change that distinguishes Subunit IC from
the surrounding subunits represents a change from post-
depositional reduced conditions (Subunit ID) to oxidized
conditions (Subunit IC) and back to a post-depositional
reduced state (Subunit IB). The event that caused the
oxidized state of Subunit IC must have altered the bal-
ance between available dissolved oxygen supplied to the
seafloor and available organic carbon supplied to the in-

C

100~

110

593-58-4, 100-125

Figure 4. Examples of Bouma structures within lithostratigraphic Unit II, volcanogenic turbidites. A.
Sharp basal contact at 48.5 cm with normally graded sequence beginning cross-bedded and laminated
fine-grained, then at 28.5 cm the start of another packet. B. A coarse-grained, massive to bedded se-
quence, beginning at 95 cm, grading at 83 cm into fine-grained interbed, then at 75.5 cm another pack-
et. C. A laminated, coarse-grained sequence at 115 cm, becoming massive and graded at 114 through
108.5 cm, then a rippled, fine-grained sequence through103.7 cm. Notice the erosional contact at
103.7 cm; coarse-grained silts have eroded into the finer-grained underlying material.
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fauna and bacteria within the sediment. Compared to
over- and underlying subunits, Subunit IC accumulated
at a reduced sedimentation rate that allowed aerobic com-
bustion of organic matter to greater burial depths. One
possible explanation of this event would be the brief de-
velopment or intensification of an oceanographic con-
vergence not far to the south of Site 593 during this pe-
riod. The effects of this convergence would have been
relatively short-lived, because the sediment returns to a
reduced state in Subunit 1B. The surface oxidized zone
(Subunit IA) may represent a similar phenomenon that
reflects the flow of oxygen-charged Antarctic Interme-
diate Water from the Antarctic Convergence (Fig. 5).
The lithified volcanogenic turbidites and thin lami-
nae of altered volcanic ash represents an episode of local
volcanism in the late Eocene. The thin laminae of ash
probably represents air-fall deposits and were regional
precursors to the event or events that generated the tur-
bidites. The internal structures of the individual flows,
especially the dominant occurrence of Bouma A and B
divisions compared to Bouma D and E divisions, sug-
gest proximal rather than distal deposits (Walker, 1967).
These observations imply that the source of the volcani-
clastic material may have been nearby on the Challenger
Plateau or, more likely, from “Lalitha Pinnacle,” a bur-
ied volcanic “high” observed on the seismic profile to
be near Site 593. The upper 115 m of the sequence is a
foraminifer-bearing nannofossil ooze that probably rep-
resents an interval when bottom currents in this area

Temperature °C

Water depth (m)

e
2
2
g
a
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O
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were strong enough to winnow some nannofossils from
the sediment, thereby increasing the relative abundance
of foraminifers. The upper winnowed sequence at Site
593 is similar to the uppermost recovered sections at
Sites 587 through 592 and probably coincides with a pe-
riod of more intensive global oceanic circulation.

PHYSICAL PROPERTIES

The HPC cores recovered from Hole 593 were sam-
pled for gravimetric evaluation using the standard cylin-
der technique on all of the cores except the final two, for
which chunk samples were taken (Boyce, 1976). The
GRAPE was employed on selected cores (see Introduc-
tion for details of experimental methods). Additional anal-
yses of the physical properties results for Site 593 are re-
ported by Morin (this volume).

The GRAPE saturated-bulk density results (points)
are plotted versus depth in Figure 6A. These data are di-
rectly converted to sediment porosity by assuming a grain
density of 2.691 g/cm?. The corresponding GRAPE po-
rosity results are presented versus depth in Figure 6B.
Mean values of density and porosity across each meter
interval are calculated and these averages are plotted as
the solid lines. After initially declining through the up-
per 50 m, porosity remains relatively constant over the
next 300 m. This unusual behavior is reflected in the
bulk density data. The sediment column shows little or
no evidence of systematic, lithostatic compaction within
the depth interval of 50 to 350 m. At 550 m, the porosity

65°S

Figure 5. Schematic diagram of the vertical and horizontal structure of flow in the southern oceans (from
Knox, 1970). Open star is approximate position of Site 593.
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Figure 6. GRAPE wet-bulk density (A) and porosity (B) versus sub-bottom depth for

Site 593.

finally decreases to less than 50% with the appearance
of a layer of indurated volcanic material. Below this 15-
m-thick zone, chalk appears with a slightly lower poros-
ity.

A few chunk samples of the volcanic material was re-
moved from Core 59 for preliminary evaluation. This
material has a grain density of approximately 2.80 g/
cm?. Sonic velocity data for these samples were deter-
mined and the results show values which are slightly high-
er (faster) than those found for calcareous sediments of
equivalent porosity. For the Core 59 samples, few mea-
surements were performed both parallel and perpendic-
ular to bedding, with the latter producing slightly lower
velocities:

Section Sonic velocity
(level in cm) (km/s) Orientation
1, 70 2.546 Parallel to bedding
2,70 2.340 Parallel
5,70 2.155 Perpendicular

SEISMIC STRATIGRAPHY

Figure 7A is a portion of the shipboard water gun
seismic profile collected during the approach to Site 593.
Figure 7B is a line drawing of the profile, illustrating a
possible unconformity at a sub-bottom depth of 0.54 s.
Six acoustic units (A-F) have tentatively been identified,
and these are compared in part with lithostratigraphic
Units 1A, 1B, IC, 1D, and II.

Acoustic Unit A comprises relatively low amplitude
parallel reflectors, some of which are separated by acous-
tically transparent intervals. Acoustic Unit B is a zone
of closely spaced parallel reflectors of moderate ampli-
tude. Acoustic Unit C includes an interval of closely
spaced parallel reflectors which lie directly below an ap-
parent angular unconformity separating B and C. Alter-
natively, Units C and B may simply converge in the vi-
cinity of Site 593, at the expense of a somewhat more
transparent unit between B and C, which can be seen to
lens out or be removed by erosion about 5 n. mi. north
of Site 593 (Fig. 7B).
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Acoustic Unit D is a relatively transparent zone of
uniform thickness. This overlies Unit E, an interval of
strong, parallel reflectors which are subparallel to those
of Unit C.

Acoustic Unit F is a transparent unit which includes
an irregular zone of diffuse reflectors. Unit F overlies
acoustic basement at a sub-bottom depth of 0.97 s.

Site 593 was drilled to a total depth of 571.5 m. Two
lithostratigraphic units (Units I and II) are identified,
with Unit I being subdivided into four subunits. Basic
lithology of Unit I is a foraminifer-bearing nannofossil
ooze. Unit II comprises a sequence of interbedded, lithi-
fied, volcanogenic turbidites and minor chalks which co-
incide with the Eocene/Oligocene boundary.

The lithologic units column shown in Figure 7A arbi-
trarily correlates the upper Eocene lithologic Unit 11 with
acoustic Unit D. However, it is equally likely that Unit 11
may be correlated with the relatively strong reflector of
acoustic Unit E, or the closely spaced reflectors of acous-
tic Unit C. Either of these may represent the seismic sig-
nature of the volcanogenic turbidites of lithologic Unit
I1.

BIOSTRATIGRAPHY

At Site 593 a complete sequence of Quaternary to
late Eocene age was recovered. Hole 593A duplicated
the Quaternary to late Miocene and the early Miocene
to late Oligocene interval.

Calcareous nannoplankton and foraminifers are com-
mon throughout the drilled succession with the exception
of the volcanic sequence in Cores 593-58 and 593-59,
where both fossil groups were found only sporadically
as contamination from above. Radiolarians, diatoms, and
silicoflagellates have not been found at this site. Nanno-
plankton and foraminiferal zones are correlated in Fig-
ures 8 and 9.

The zonations of the calcareous nannoplankton and
the planktonic foraminifers are hampered by the lack of
certain index species. Discoasters and some ceratoliths
are rare or absent from the early Pliocene; this is also
true for Catinaster and some Discoaster species in the
middle Miocene and for sphenoliths in the middle and
late Oligocene.

A remarkable change in color from yellow brown be-
low to white above was noted in Core 593-42, approxi-
mately at the top of nannoplankton Zones NN4/NNS5,
that is, just prior to the extinction of Sphenolithus het-
eromorphus. Calculation of the sedimentation rates in-
dicates a sudden increase from 9.7 to 48.4 m/m.y. at
this level.

The Oligocene/Miocene boundary was placed in Core
593-50, as indicated by the boundary between nanno-
plankton Zones NP25 and NN1 and the base of the fo-
raminiferal Globoquadrina dehiscens Zone. The Eocene/
Oligocene boundary probably falls in the interval con-
taining volcanic material in Cores 593-58 and 593-59.
The first calcareous layers above contain nannoplank-
ton of the early Oligocene Zone NP21 and a foraminif-
eral fauna of the Globigerina brevis Zone. Samples from
within the volcanic sequence contain only some species
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Figure 8. Correlation between calcareous nannoplankton and forami-
niferal zones in Hole 593. Hole barren of radiolarians.
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Figure 9. Correlation between calcareous nannoplankton and forami-
niferal zones in Hole 593A. Hole barren of radiolarians.

without stratigraphic value and displaced nannoplank-
ton and foraminifers from above, including Miocene and
Quaternary species. Sample 593-59,CC could be placed
in the late Eocene nannoplankton Zone NP19/NP20 and
in the foraminiferal Subbotina linaperta Zone. Also re-
worked nannoplankton species like Neococcolithus du-
bius are present in samples from Core 60, probably in
the same stratigraphic level as at Site 592. As the calcu-
lation of the sedimentation rate shows no obvious break
at this level, a continuous sedimentation is assumed, and
determining the absolute age of the volcanic material
could provide useful data about the Eocene/Oligocene
boundary.

As in Site 592, the Oligocene nannoplankton assem-
blages contain abundant Zygrhablithus bijugatus, indi-
cating a shallow-water environment during this time in-
terval. Data from the benthic foraminifers support this
assumption.

Preservation of foraminifers and calcareous nanno-
plankton is good in the Quaternary and Pliocene, and
for the foraminifers also in the Miocene and Oligocene.
Preservation of the nannoplankton, however, is only mod-
erate in the Miocene and is poor at certain levels through
extensive calcite overgrowth, especially on discoasters and
sphenoliths. In the Oligocene also, calcareous nanno-
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plankton are commonly sturdy and exhibit considerable
calcite overgrowths. In the late Eocene below the vol-
canic intercalation, preservation of the calcareous nan-
noplankton is moderate, but excellent foraminiferal pres-
ervation occurs in Sample 593-60,CC.

Planktonic Foraminifers

Zones

The following zones were identified at Site 593; the
zonal boundary markers are shown below:
Globorotalia truncatulinoides Zone
1. A. G. truncatulinoides
Globorotalia inflata Zone
1. A. G. inflata
Globorotalia puncticulata Zone
L. A. G. conomiozea
Globorotalia conomiozea Zone
I. A. G. conomiozea
Globorotalia miotumida Zone
L. A. G. dehiscens
Neogloboquadrina continuosa Zone
L. A. G. mayeri
Globorotalia mayeri Zone
L. A. G. peripheroacuta
Globorotalia peripheroacuta Zone
1. A. G. peripheroacuta
Orbulina suturalis Zone
I. A. O. suturalis
Praeorbulina glomerosa curva Zone
I. A. P glomerosa curva
Globorotalia miozea Zone
I. A. G. miozea
Globigerinoides trilobus Zone
I. A. G. trilobus
Globigerina connecta Zone
I. A. G. connecta
Globigerina woodi Zone
1. A. G. woodi
Globoquadrina dehiscens Zone
1. A. G. dehiscens
Globigerina euapertura Zone
1. A. G. angiporoides
Globigerina angiporoides Zone
L. A. G. brevis
Globigerina brevis Zone
I. A. G. brevis
Subbotina linaperta Zone
L. A. G. aculeata
Globorotalia aculeata Zone
The Globorotalia tosaensis Zone and G. truncatuli-
noides/G. tosaensis Zones were not recognized at this
site because of the low numbers of G. fosaensis. Because
of the low numbers of N, continuosa and its gradation
into N. pachyderma in the early late Miocene, it was de-
cided to redefine the upper boundary of the N. continu-
osa Zone at the extinction of Globogquadrina dehiscens.
This event is regarded as a good marker in the temperate
water mass of the southwest Pacific; further north in the
Pacific, G. dehiscens survived into the base of the NI18
Zone at Site 289 (Srinivasan and Kennett, 1981). The G.



peripheroacuta Zone of middle Miocene age is recog-
nized on the total range of the zone fossil.

Paleobiogeography

The planktonic foraminifers are abundant and well
preserved from the Pleistocene through the Oligocene;
faunas were less well preserved in the late Eocene but
the lower core-catcher sample at the site produced an ex-
cellent fauna.

The late Eocene faunas show a progressive reduction
in diversity toward the Eocene/Oligocene boundary; a
lower diversity in the early Oligocene indicates cooler
waters. Diversity increases toward the end of the Oligo-
cene, which suggests a progressive warming, probably
continuing through the early Miocene to the early part
of the late Miocene in the lower Globorotalia miotumi-
da Zone, where there is a marked change with the ex-
tinction of Globigerinoides trilobus. There probably was
a warming in the late Miocene toward the top of the
Globorotalia miotumida Zone to the base of the G. co-
nomiozea Zone, this observation is based on the pres-
ence of Globigerinella aequilateralis. During the remain-
ing late Miocene-early Pliocene, G. aequilateralis was
not present in the area. For the remaining Pliocene to
the Pleistocene, the surface water supported G. aequila-
teralis and the occasional Globigerinoides ruber.

Of importance at Site 593 is the presence of the short-
ranging Guembelitria samwelli in the late Oligocene Glo-
bigerina euapertura Zone; its first appearance may have
been a biogeographic response to the initiation of the
Circum-Antarctic Current (Jenkins, 1974). Associated
with Guembelitria samwelli is Streptochilus pristinum,
and its presence here may also be associated with the ini-
tiation of the current.

Major Boundaries

Pliocene/Pleistocene: first appearance of Globorota-
lia truncatulinoides; because of the low numbers of G.
tosaensis, it is not certain whether the first appearance
of G. truncatulinoides is its first evolutionary appear-
ance at this site.

Miocene/Pliocene: last appearance of G. conomio-
zea.

Oligocene/Miocene: the first appearance of Globo-
quadrina dehiscens.

Eocene/Oligocene: the extinction of Globigerinathe-
ka index.

Benthic Foraminifers

Benthic foraminifers were examined from all core
catchers at Site 593 in the fractions >63 pm. Benthics
were very abundant in nearly all samples and their pres-
ervation remained good almost to the bottom of the hole;
cementation was a slight problem in Cores 593-52 through
593-60. At many levels the benthics were fragmented.
Dolomite occurs in Cores 593-23 and 593-53 to 593-55;
free rhombs and crystals growing out of the foramini-
fers occur in Core 593-53.

Although the exact species composition of samples
varied through the section, in general faunas contained
large numbers of cibicidids and planulinids, with Ori-
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dorsalis umbonatus, Bolivina spp., and Anomalinoides
spp. consistently present, but in smaller percentages. Uvi-
gerinids become important at discrete intervals, but are
consistently present only in the upper Eocene and upper
Pliocene through Quaternary. Agglutinated genera are
less abundant here than at other sites.

Along the Lord Howe Rise there is a north-south gra-
dient in the abundances of several species. Osangularia
bengalensis, O. culter, species of Melonis, Rectuvigerina
multistriata, Gyroidinoides nitidula, Uvigerina gemmae-
JSormis, Anomalinoides globulosa, and numerous other
forms are less common in Site 593. Species more com-
mon at Site 593 than in sites to the north include not on-
ly the New Zealand endemic forms such as Hopkinsina
mioindex, Rotaliatina sulcigera, and Cibicidoides mo-
lestus, but also Bulimina aculeata, Uvigerina aff. medi-
terranea, Vulvulina haeringensis, Planulina marialana gi-
gas, and P. harangensis.

Eocene faunas (Cores 60-57) are generally similar to
those at Site 592; there is a smaller proportion of large,
ornamented cibicidids such as C. molestus and Cibici-
des tholus at Site 593, but a larger proportion of Globo-
cassidulina subglobosa and Uvigerina bortotara and U.
rippensis-havanensis. The distinctive species of Vaginu-
linopsis present at Site 592 were not found here.

Changes across the Eocene/Oligocene boundary (Cores
593-57 to 593-55) include the disappearance of U. rip-
pensis, the first appearance of Sphaeroidina bulloides,
and a change in dominance from cibicidids, particularly
the larger ornamented types, to Globocassidulina sub-
globosa, which remains dominant through most of the
Oligocene. In the basal Oligocene the striate bolivinids,
Martinottiella occidentalis and Cassidulina crassa, first
appear, and the hispido-costate uvigerinids are replaced
by Rectuvigerina multistriata and, in Cores 593-53 to
593-52, the typical North Atlantic species U. semivesti-
ta. The first appearances of all these species agree with
their proposed evolution in other parts of the world ocean.

Between Cores 593-50 and 593-52 (upper Oligocene,
Globigerina angiporoides/G. euapertura Zones) the Cir-
cum-Antarctica Current is postulated to have developed.
There is much breakage of the fossils in these two cores.
Diversity of the benthics decreases (possibly because pre-
servation was poorer) and several new species first occur
at this site, including the important Neogene species Het-
erolepa kullenbergi and U. pygmaea.

Several of the typically Paleogene benthic species dis-
appear during the early Miocene (Cores 593-49 to 593-
40) at this site, including Cibicidoides tuxpamensis, C.
io, and Bulimina macilenta. Lower Miocene faunas dem-
onstrate little change in diversity, but contain distinctly
fewer individuals than those of other times. The consis-
tent presence of Robulus spp. through this interval is
important, since it allows correlation with the dissolved
faunas through this interval at Site 592. At both sites,
then, the low numbers of benthics reflect some property
of the environment, not just dissolution effects.

In the lowermost middle Miocene (Cores 593-43 to
593-42, Praeorbulina glomerosa curva-Globorotalia mio-
zea Zones), there is a yellow, oxidized layer through the
sediments. In this interval the character of the benthic
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fauna remains surprisingly constant. A few forms ap-
pear, including Melonis barleeanum, Bolivina anastomo-
sa, and Uvigerina auberiana. However, the small, hispid
uvigerinids occur in large numbers in Sample 593-42,CC
and may be a reflection of the suggested oxidation of
these levels. Such uvigerinids are typical of the shallow-
est and deepest parts of the oceanic water column, which
are generally oxygen-rich.

The large change during the lower Miocene occurs in
the P. glomerosa curva to Orbulina suturalis Zones. Both
the diversity and abundance of benthics increase. The
rectuvigerinids disappear temporarily and seven new en-
trants appear, at least four of which are cibicidids. Nut-
talides umbonifera, a form correlated with deep water
masses later in the Neogene, first occurs at this site,

The new, typically Pliocene-Quaternary benthic spe-
cies first evolve in the mid-Miocene Globorotalia Zone
(Cores 593-38 to 593-34). Such species as Cassidulina
carinata, Cibicidoides mundulus, C. cicatricosus, and
Rectuvigerina spinea first appear at this time, but disap-
pear by the Neogloboquadrina continuosa Zone, only
to reappear in the Pliocene.

The first pulse of miliolids, accompanied by the deep-
water index, Pullenia quinqueloba, appears in the G.
miotumida Zone (Cores 28 to 27). The only consistent
occurrences of the more northerly species Osangularia
bengalensis and less common O. culter occur through-
out most of this zone.

Uvigerinids again appear at the top of the G. cono-
miozea Zone, as at other sites on this leg; however, at
this site the species which mark the top of the Miocene
are Uvigerina auberiana and U. pygmaea, both tiny spe-
cies more typical of deeper waters and sites.

A larger change in benthic faunas and in the uvigeri-
nids occurs, however, in the basal Pliocene (Cores 593-11
and 593-12). Benthic diversity drops, there is an influx
of miliolids, and particularly of large, abraded spirolo-
culinids which may be redeposited from shallower water.
U. hispido-costata occurs for the first time and con-
tinues to occur at this site through the course of the Pli-
ocene and Quaternary.

The faunal changes associated with the development
of Northern Hemisphere glaciation inferred between Cores
593-11 and 593-9 (Globorotalia puncticulata/G. inflata
Zones) are less prominent than the changes that occur in
the early Pliocene. Diversity drops, several species dis-
appear, Globocassidulina increases in abundance, and
N. umbonifera again appears in the faunas, albeit in
small numbers.

Within the Globorotalia inflata Zone (Cores 593-7 to
593-4) miliolids become more important, Bulimina acu-
leata first occurs and becomes a prominent part of the
faunas, and the deeper-water index, P. quinqueloba, oc-
curs through most of the zone. Beginning in this zone
there is a trend to lower diversity and higher dominance
of the fewer species. This trend is accentuated in the
Quaternary, when only a few species, including Cassidu-
lina carinata and B. aculeata, are very abundant. Epi-
stominella exigua appears in the Pleistocene (Sample
593-2,CC) at this site.
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Calcareous Nannoplankton

Core-catcher samples and enough additional samples
accurately to determine zonal boundaries were examined
for calcareous nannoplankton. Some of the zonal indi-
cators are absent at Site 593. Middle and late Oligocene
zone-defining sphenoliths were not observed, and Zones
NP24/NP25 could not be differentiated. The first oc-
currence of Discoaster exilis is used to define the top of
the Helicosphaera ampliaperta Zone (NN4) instead of
the last occurrence of Helicosphaera ampliaperta. The
top of the D. asymmetricus Zone (NN14) is defined on
the last occurrence of Amaurolithus primus instead of
A. tricorniculatus in Hole 593. (A. tricorniculatus was
observed at this level in Hole 593A..) The last occurrence
of D. neohamatus is used instead of the first occurrence
of D. quinqueramus to approximate the top of the D.
calcaris Zone (NN10). Catinaster coalitus and D. kugle-
ri were not observed at this site.

Calcareous nannoplankton are abundant throughout
the section at Site 593. Most species are well preserved
but most discoasters become progressively more over-
grown with depth. Many early and middle Miocene sphe-
noliths are also overgrown.

Hole 593

Quaternary

Samples 593-1,CC and 593-2-3, 3-4 cm are above the
last occurrence of Pseudoemiliania lacunosa and belong
in the late Quaternary Gephyrocapsa oceanica Zone or
Emiliania huxleyi Zone (NN20/NN21).

The upper part of the early Pleistocene Pseudoemili-
ania lacunosa Zone (NN19b) includes Samples 593-2-5,
3-4 ¢cm to 593-3-1, 3-4 cm. The last occurrence of Calci-
discus macintyrei in Sample 593-3-3, 3-4 cm places this
Sample 593-5,CC in the lower part of the P. lacunosa
Zone (NN19a).

Pliocene

The last occurrence of Discoaster brouweri in Sample
593-6-1, 3-4 cm places this sample in the late Pliocene
Discoaster brouweri Zone (NN18). The addition of D.
pentaradiatus in Sample 593-6-2, 3-4 cm places this sam-
ple in the D. pentaradiatus Zone (NN17). The late Plio-
cene D. surculus Zone (NN16) includes Samples 593-6-3,
3-4 cm to 593-9-1, 3-4 cm, above the last occurrence of
Reticulofenestra pseudoumbilica Zone (NN15) includes
Samples 593-9-3, 3-4 cm. The early Pliocene Reticulofe-
nestra pseudoumbilica in Sample 593-9-3, 3-4 cm to 593-
13-1, 3-4 cm. Amaurolithus tricorniculatus was not ob-
served in Hole 593. Instead, the last occurrence of A.
primus in Sample 593-13-3, 3-4 cm is used to mark the
top of the early Pliocene Discoaster asymmetricus Zone
(NN14), which includes this sample to Sample 593-15-5,
3-4 ¢cm. Samples 593-15,CC and 593-16,CC are placed
in the combined A. tricorniculatus/Ceratolithus rugo-
sus Zone (NN12/13). The boundary between these zones
is defined by the first occurrence of Ceratolithus rugo-
sus, which was not observed at this site.



Miocene

The last occurrence of D. quinqueramus in Sample
593-17-5, 3-4 cm and first occurrence of A. primus in
Sample 593-22,CC places this interval in the upper sub-
zone of the late Miocene D. quingueramus Zone (NN11b).
In the absence of D. quinqueramus below this level, the
base of the lower subzone (NN1la) is placed between
Samples 593-25-1, 3-4 cm and 593-25-3, 3-4 cm, the
last occurrence of D. neohamatus, which approximates
the first occurrence of D. guinqueramus. Samples 593-
25-3, 3-4 cm to 593-26-5, 3-4 cm, above the last occur-
rence of D. hamatus in Sample 593-26,CC, are placed in
the middle Miocene D. calcaris Zone (NN10). The range
of D. hamatus from Samples 593-26,CC to 593-27,CC
places these samples in the middle Miocene D. hamatus
Zone (NN9).

Catinaster coalitus and D. kugleri were not observed
at this site; therefore, boundaries between the middle Mi-
ocene Zones NN8, NN7, and NN6 cannot be determined.
This unzoned interval includes Samples 593-28-1, 3-4 cm
to 593-42-4, 99-100 cm. The last occurrence of Spheno-
lithus heteromorphus in Sample 593-42-5, 3-4 cm marks
the top of the middle Miocene Sphenolithus heteromor-
phus Zone (NNS). In the absence of Helicosphaera am-
pliaperta at this site, the first occurrence of D. exilis in
Sample 593-43,CC is used for the base of Zone NN5.
Samples 593-44-1, 3-4 cm and 593-44-5, 3-4 cm, above
the last occurrence of S. belemnos in Sample 593-44,CC,
are placed in the early Miocene Helicosphaera amplia-
perta Zone (NN4). The last occurrence of Triguetro-
rhabdulus carinatus is in Sample 593-46,CC. Therefore
Samples 593-44,CC to 593-46-5, 3-4 cm are placed in
the early Miocene Sphenolithus belemnos Zone (NN3).
One sample, 593-46,CC, contains both T. carinatus and
D. druggi, which places it in the early Miocene D. drug-
gii Zone (NN2). Samples 593-47-1, 3-4 cm to 593-50-5,
3-4 cm, below the first occurrence of D. druggii, are
placed in the early Miocene Triguetrorhabdulus carina-
tus Zone (NN1).

Oligocene

The last occurrence of Zygrhablithus bijugatus in Sam-
ple 593-5, 3-4 cm marks the top of the Oligocene. The
last occurrence of R. umbilica in Samples 593-56-3, 3-4
cm to 593-57-5, 3-4 cm, above the last occurrence of
Cyclococcolithus formosus in Sample 593-57-3, 3-4 cm,
places these samples in the early Oligocene H. reticula-
ta Zone (NP22). The early Oligocene Ericsonia? sub-
disticha Zone (NP21) extends down at least to Sample
593-58-2, 110-111 cm. The base of Zone NP21, the Oli-
gocene/Eocene boundary, is within an interval from
Samples 593-58-3, 13 ¢cm to 593-59-4, 71-72 cm.

Eocene

The occurrence of D. saipanensis and Cribrocentrum
reticulatum below or in Sample 593-59,CC and the oc-
currence of Isthmolithus recurvus down to Sample 593-
60,CC places this interval in the late Eocene Zone NP19/
NP20. From Sample 593-60-1, 6-7 cm downward re-
worked nannoplankton species from the late middle and
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early late Eocene, like Neococcolithus dubius and Chi-
asmolithus solitus, were noted.

Hole 593A

Core-catcher samples were examined through Core 22
with no significant differences between Holes 593 and
593A. The hole was washed down to 448.8 m sub-bot-
tom. Samples 593A-23,CC to 593A-24-1, 3-4 cm are
placed in the early Miocene T. carinatus Zone (NN1) by
the presence of 7. carinatus and the absence of D. drug-
gil.

The occurrence of Z. bijugatus and H. recta in Sam-
ple 593A-24,CC places this sample in the late Oligocene
S. ciperoensis Zone (NP25). The Oligocene/Miocene
boundary is between Samples 593A-24-1, 3-4 ¢cm and
593A-24,CC. Three additional cores were drilled below
Core 24 and are of late Oligocene age.

Radiolarians, Diatoms, and Silicoflagellates

Radiolarians, diatoms, and silicoflagellates were not
observed in the late Eocene to Recent sequence at this
site.

PALEOMAGNETISM

The magnetic properties of sediments from Site 593
were generally similar to those from Site 592 except for
an extended zone of high intensity from 360 to 455 m
sub-bottom depth encompassing Subunit IC. Intensities
were slightly higher than at Site 592. A polarity stratig-
raphy was obtained back to 3.3 m.y. ago.

Hole 593 was generally subsampled at three specimens
per section and the first 11 cores from Hole 593A were
subsampled at two or sometimes three specimens per sec-
tion. The Kuster orientation tool has a success rate of
64% in Hole 593, with good agreement between drift
(i.e., tilt) azimuths. Four cores from Hole 593A were
oriented. Laboratory measurements for NRM have been
completed on most specimens from Hole 593, and low-
field susceptibility measurements have been made on
Cores 593-1 to 593-24. Shipboard NRM measurements
were made on the volcanogenic turbidite zone in Hole
593. The few shipboard measurements made on Hole
593A were consistent with results from Hole 593. NRM
statistics for Hole 593, excluding the volcanogenic turbi-
dite zone, are as follows:

Geometric mean intensity (uG) = 0.110
Scalar mean inclination (1 s.d.) = +3.9 +£41.7°
Axial dipole inclination = —-59.7°

Mean angle between repeats = 20.3° (55 repeats)

Low-field susceptibilities were marginally higher than for
the corresponding units at Site 592:

Zone

(Core-Section, level in cm) Susceptibility

1-1, 10 to 1-1, 125
1-2, 10 to 6-3, 25

6-4, 25 10 14-4, 125
14-5, 25 to 17-2, 25
14-7, 75 to 26-1, 75

Weak positive

Diamagnetic

Weak positive (~1-3 uG/Oe)
Very weak positive (<1 uG/Oe)
Diamagnetic
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The comment made in the Site 592 paleomagnetic re-
port concerning the significance of diamagnetic (nega-
tive) susceptibilities is equally applicable here.

The magnetization of these carbonate oozes is ex-
tremely weak. Intensities fall from about 15 to about 0.4
pG in the uppermost half meter of pale brown oxidized
sediment, thence to characteristically low values below
the bottom of Core 593-1. The surficial high-intensity
layer was absent from the top of Hole 593A. A region of
uniformly high intensity (1.5 to 4 pG) spans Cores 593-41
through 593-46, preceded by a gradual increase starting
at the bottom of Core 593-50 and terminating with a
steady decline in Cores 593-40 and 593-39. The range of
this zone is somewhat wider than that of the pale orange
to yellow gray Subunit IC. It appears to correlate with
similar zones at Sites 588 and 592 and marks a change in
the sedimentological regime over a wide area during the
early and middle Miocene. Stein and Sarnthein (this vol-
ume) propose that during this period Australia would
have been at higher latitudes and exposed to strong west-
erly winds, resulting in an increase in eolian terrigenous
material in sediments on the Lord Howe Rise. This would
account for the high-intensity zone, but is not a con-
vincing explanation of the fairly abrupt termination of
the zone.

A magnetic polarity stratigraphy can be traced down-
ward as far as the middle of the Gauss Chron at about
3.3 m.y. (Fig. 10). Deformation caused by coring was
fairly common in the first eight cores from Hole 593.
Despite this the Brunhes/Matuyama boundary and the
Jaramillo Subchron appear to be well resolved. It was
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Figure 10. Magnetic polarity stratigraphy for the upper part of Hole
593.
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not possible to identify the Olduvai Subchron, and the
lower part of the stratigraphy given in the figure is
somewhat speculative. At greater depths, with the ex-
ception of the volcanogenic Unit II, directions are too
scattered for a polarity interpretation to be made based
on the NRM data.

It was surprising to find predominantly reversed (posi-
tive) inclinations for Cores 593-34 through 593-46. Much
of this interval comprises the early and early middle Mi-
ocene high-intensity region in which directional data are
highly reproducible. Furthermore, declinations in the
high-intensity region were found to fall nearly always in-
to the same quadrant for successive cores with positive
inclinations, despite the fact that the azimuthal orienta-
tion of successive cores is expected to be random. It must
be concluded therefore that the sediments in this region
have acquired a large secondary remanence, either dur-
ing or after coring. Partial AF demagnetization tests on
this hole have yet to be performed.

Shipboard NRM measurements on the volcanogenic
turbidite Unit II indicated reversed polarity throughout
and magnetizations much less than would be expected
for fresh volcanic material (Table 3). Lower intensities
tended to be associated with the more fine-grained sam-
ples, which points to a greater degree of alteration in the
fine-grained material.

SEDIMENTATION RATES

Sedimentation rates are calculated as outlined for the
previous sites, but intervals used are subdivided if neces-
sary or slightly changed according to datum levels avail-
able, especially in the early Miocene and middle to late
Oligocene (Fig. 11). A few nannoplankton zones had to
be combined, because some index species are missing at
this southern high latitude.

In the late Eocene and Oligocene interval (nannoplank-
ton Zones NP19/NP20 top to NP25 top) the sedimenta-
tion rate is only 4.6 m/m.y. (including the volcanic ma-
terial in Cores 58 and 59). In the early to early middle
Miocene (Zones NP25 top to NN5 top) the sedimenta-
tion rate is 9.7 m/m.y., based on five datum levels. At
the top of nannoplankton Zone NNS5 the sedimentation
rate increases very suddenly to 48.4 m/m.y. in the mid-
dle Miocene (Zones NN5 top to NN8 top), at a level
which is marked by change of color from yellow brown
to white in the calcareous sediments (Core 593-42). In
the late Miocene and early Pliocene (nannoplankton

Table 3. NRM data for the volcanogenic turbidite Unit II.

Core-Section  Intensity
(level in cm) (uG)

Polarity® Inclination Comments

58-3, 30-32 6.94 R 15 Bedded, fine-grained, black

58-3, T2-74 14,91 R 50 Uniform, med.-grained, green/gray
59-1, 94-96 111.62 R 53 Bedded, fine/med., green/black
59-2, 132-134  ~220.00 R Pos. Mottled, med./coarse, green/gray
59-3, 50-52 71.76 R 70 Bedded horiz., med., green/gray
59-3, 132-134 20.31 R 49 Fine, black/green

59-4, 128-130 0.32 R? 25 V. fine, black

59-5, 65-67 0.67 N? -22 Reproducible med., green/gray
59-5, 100-102 1.61 R 9 Fine, half gray, half black laminated
59,CC 10-12 0.35 R? Pos. Med., gray (with CO3)

60-2, 715-77 0.39 R? —45 Burrowed, fine, pale gray

Note: Queries denote specimens too weak to be measured reliably.
3 R = reversed, N = normal.
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Figure 11. Sedimentation rates and datum levels in Hole 593.

Zones NN8 top to NN13 top) the sedimentation rate drops
to 15.0 m/m.y., based on five datum levels.

As was true for previous sites, the sedimentation rate
increases in the late early Pliocene (nannoplankton Zones
NN14 and NN15), and is 103.3 m/m.y. In the late Plio-
cene (Zones NN16 to NN18) it drops again to 19.0 m/
m.y., based on three datum levels. In the Quaternary
(above nannoplankton Zone NN18 top), it increases slight-
ly to 22.9 m/m.y., which is more than twice the amount
of that at Site 592.

SUMMARY AND CONCLUSIONS

Site 593 is located on the Challenger Plateau, a west-
ern extension of the New Zealand Plateau, in a relatively

shallow water depth of 1068 m at a position 40°30.47'S,
167°40.47'E. The Challenger Plateau is effectively a topo-
graphic extension of Lord Howe Rise and its western
part provides a shallow-water pedestal 270 km distant
from the nearest land mass of northern South Island,
New Zealand. This setting has allowed accumulation of
an uncomplicated Paleogene to Neogene pelagic ooze
sequence with virtually no terrigenous sedimentary in-
fluences. Site 593 is a reoccupation of Site 284, which
was cored during Leg 29 of the Deep Sea Drilling Proj-
ect.

Site 593 consists of two holes continuously cored to a
maximum sub-bottom depth of 571.5 m. Hole 593 was
cored with the HPC from 0 to 254.1 m sub-bottom and
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continued to a total depth of 571.5 m with the XCB.
Hole 593A was continuously cored with the HPC from
0 to 209.3 m sub-bottom, then washed down to 448.8 m
and cored with the XCB to 496.8 m to recover the Oligo-
cene/Miocene transition. This interval was poorly cored
in the first hole.

Site 593 is an apparently continuous stratigraphic se-
quence from the late Eocene (42 m.y. ago) to the Qua-
ternary (Fig. 12). The general facies is a rather monoto-
nous foraminifer-bearing nannofossil ooze that grades
into a nannofossil ooze and a nannofossil chalk with
depth. The transition to reduced abundances of fora-
minifers, from about 15 to about 5%, occurs at about
110 m. The sediment is predominantly calcareous nan-
nofossils with subordinate foraminifers. Other compo-
nents, such as quartz and feldspar grains, volcanic glass,
and pyrite(?), occur only in trace (<1%) abundances
(Fig. 3). Micritic carbonate occurs in persistent abun-
dances of 5 to 10% from 323 m to total depth, but the
sediment does not become chalk until 562 m. The only
biogenic silica found comprised traces (< 1%) of sponge
spicules in a zone from about 249 to 296 m.

The sequence at Site 593 has been divided into two
units. Unit I has been subdivided into four subunits
(Fig. 12):

Subunit IA, of late Quaternary age, is a yellow gray
foraminifer-bearing nannofossil ooze and represents an
upper oxidized layer, correlating with a similar subunit
at most other sites. The relatively high content of fora-
minifers appears to be the result of winnowing.

Subunit IB, of late Quaternary to middle Miocene
age, is a light gray foraminifer-bearing nannofossil ooze
that grades into a nannofossil ooze with depth. It is dis-
tinguished by its much lighter color compared with over-
lying Subunit IA and underlying Subunit IC.

Subunit IC, of middle Miocene age, is distinguished
from two overlying and underlying subunits by its dis-
tinctive pale orange color, but is otherwise homogeneous
and identical in lithology to the surrounding subunits.

Subunit ID, of early middle Miocene to earliest Oli-
gocene age, is a white nannofossil ooze that is identical
in lithology to the lower part of Subunit IB. Subunit ID
is defined by its stratigraphic position below the easily
recognized pale orange Subunit IC.

Between about 475 and 485 m in Hole 593 and about
455 and 468 m in Hole 593A, there occurs a zone that
was difficult to recover. It comprises very homogeneous,
firm, nannofossil ooze, indistinguishable from the sedi-
ment above and below. This zone occurs across the Mio-
cene/Oligocene boundary. The reason for lack of recov-
ery is unknown.

Unit II, of late earliest Oligocene to early late Eocene
age, is composed of interbedded, lithified volcanogenic
turbidites and pyroclastic flows and light greenish gray
or white foraminifer-bearing nannofossil chalk to nan-
nofossil chalk. The turbidites are grayish olive green to
dark gray and occur as a sequence of very fine- to coarse-
grained packets.

The interbedded nannofossil chalk is identical in li-
thology to the overlying pelagic subunits but addition-

568

ally contains many thin (<2 mm thick), very pale green
laminae that appear to be altered volcanic ash. The up-
per contact with Subunit ID is very sharp.

Site 593 offers a very fine, complete biostratigraphic
succession in southern temperate latitudes. A paleomag-
netic polarity stratigraphy has been identified back to the
middle of the Gauss Chron (3.2 m.y. ago). Calcareous
nannoplankton and foraminifers are common throughout
except in the volcanic sequence, where both fossil groups
were found sporadically only as contamination from
above. Radiolarians, diatoms, and silicoflagellates have
not been found at this site. Correlations between nanno-
plankton and foraminiferal zones are shown in Figure 12.

Preservation of foraminifers is of high quality through
the entire section except for the Eocene. Calcareous nan-
nofossils are well preserved in the Quaternary and Plio-
cene, but only moderately so in the Miocene and poorly
so at certain levels because of the extensive calcite over-
growth, especially on discoasters and sphenoliths. In the
Oligocene, calcareous nannoplankton are commonly stur-
dy and also exhibit considerable calcite overgrowths. In
the late Eocene below the volcanic intercalation, preser-
vation is improved for the calcareous nannoplankton;
Core 60 contains well-preserved nannoplankton and ex-
cellently preserved foraminifers.

The zonation of planktonic foraminifers is typically
that of the temperate regions. However, the zonation of
the calcareous nannofossils is much more generalized than
is true at lower latitudes. Warm-water calcareous nanno-
fossils become much less common at this site. A number
of mid- to low-latitude zones cannot be recognized be-
cause certain index species are missing. Discoasters and
some ceratoliths are rare or absent from the early Plio-
cene. In the middle Miocene, Catinaster and some dis-
coasters are rare or absent, which is also true for sphe-
noliths in the middle and late Oligocene.

All of the epoch boundaries are well represented at
Site 593, from the Eocene/Oligocene to the Pliocene/
Pleistocene. Of particular interest at this site are the Oli-
gocene/Miocene and the Eocene/Oligocene boundaries.
The Oligocene/Miocene boundary was encountered in
Core 593-59, as indicated by the boundary between nan-
noplankton Zones NP25 and NN1 and the base of the
foraminiferal Globoquadrina dehiscens Zone. This bound-
ary coincides with a much firmer nannofossil ooze/chalk
zone that is otherwise homogeneous with the surround-
ing sediments. The significance of this layer is as yet un-
known. The Eocene/Oligocene boundary falls in the in-
terval containing volcanic material in Cores 593-58 and
593-59. The first calcareous layers above contain nanno-
plankton of the early Oligocene Zone NP21 and a fora-
miniferal fauna of the Globigerina brevis Zone. Samples
from within the volcanic sequence contain only some
species without stratigraphic value and displaced nanno-
plankton and foraminifers from above, including Mio-
cene species. Sample 593-59,CC could be placed in the
late Eocene nannoplankton Zone NP19/NP20 and in
the foraminiferal Subbotina linaperta Zone. As the cal-
culation of the sedimentation rate shows no obvious break
at this level, a continuous sedimentation rate is assumed,
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Figure 12. Summary lithology, biostratigraphy, and mass accumulation rates of Site 593 (recovery in black).
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SITE 593

and the determination of a radiometric age for the vol-
canic material should assist with the dating of the Eo-
cene/Oligocene boundary.

Paleoenvironmental History of Site 593

In general, the monotonous sedimentary sequence at
Site 593 indicates a very consistent environment of de-
position during the last 42 m.y., punctuated only by two
major events at 38 m.y. ago and 15.5 to 15 m.y. ago and
a minor event at 23.5 m.y. ago. The calcareous oozes
were deposited in an oceanic environment at middle bathy-
al depths on the Challenger Plateau, with little evidence
that the depth of the ocean floor changed. There was
virtually no terrigenous input except for minor volcanic
ash layers.

Nannofossil ooze (now chalk) was deposited during
the late Eocene. The presence of many altered volcanic
ash layers indicate that this was an active period of ex-
plosive volcanicity (42 to 38 m.y. ago).

This largely biogenic sedimentation was suddenly in-
terrupted at the end of the Eocene (about 38 m.y. ago)
by the deposition at the Eocene/Oligocene boundary of
a 15-m layer of volcanogenic proximal turbidites, debris
flows, and pyroclastic flows. These were deposited, prob-
ably rapidly, as a result of submarine volcanism at mid-
dle(?) bathyal depths, probably from ‘“Lalitha Pinna-
cle,” a small, now-buried volcanic pinnacle only 2 or 3
km from Site 593. Judging by seismic evidence, this vol-
canogenic deposit seems to have flowed several kilome-
ters to the north of Site 593 and also seems to have been
the only such event in this region during the Paleogene.
The laminae of altered volcanic ash in the late Eocene
probably represent air-fall deposits that were precursors
to the submarine volcanic event that produced the pyro-
clastic deposits. Coeval volcanism occurred in the south-
ern New Zealand region. The Deborah volcanics, South
Canterbury, for instance, were also extruded at the time
of the Eocene/Oligocene boundary. Similar volcanic pin-
nacles like “Lalitha” occur at other locations on the Chal-
lenger Plateau, and their structural relations with the
sediments suggest that they were deposited at the same
time, indicating that it was a period of widespread vol-
canism in the region.

Sedimentation continued over the Eocene/Oligocene
boundary without break. The usual extinctions of plank-
tonic foraminifers and calcareous nannoplankton index
forms occurred. Benthic forms also show significant
changes over this interval. White nannofossil oozes were
deposited from the early Oligocene to the early middle
Miocene. Sedimentation rates were noticeably low (4.6
m/m.y.) during the Eocene-Oligocene interval.

Other than some minor event leading to the deposi-
tion of a layer of hard ooze at the Oligocene/Miocene
boundary, depositional conditions remained remarkably
unchanged until the beginning of the middle Miocene.
However, benthic faunas did evolve, indicating changes
in bottom-water character.

Between 15.5 and 15 m.y. ago, there commenced de-
position of a remarkable 25-m deposit of orange ooze
which differs from the surrounding sediments only by
its bright color. The top of this layer coincides with the
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upper boundary of NN5 and the subunit falls within the
Praeorbulina glomerosa curva Zone; hence it is about
15.5 to 15 m.y. in age. The subunit thus seems to have
immediately preceded the time of major ice build-up on
Antarctica. The event that caused oxidation of this sub-
unit must have altered the balance between available dis-
solved oxygen supplied to the seafloor and available or-
ganic carbon supplied to the infauna and bacteria with-
in the sediment. It is possible that there was a brief
development of a water mass front not far to the south
of Site 593 that produced intermediate waters sufficient-
ly highly oxygenated to prevent post-depositional reduc-
tion within the sediments. In the present day, oxygen-
charged Antarctic Intermediate Waters are produced at
the Antarctic Convergence and flow toward the north at
about 1000 m water depth (Figs. 5 and 13). The middle
Miocene episode was relatively short-lived because the
sediment had returned to a reduced state by about 15
m.y. ago. The oxidized sediment layer may, therefore,
represent a paleoceanographic change associated with the
evolution of Antarctic glaciation. In this interval the
character of the benthic fauna remains surprisingly con-
stant. A few new forms occur, including Melonis barlee-
anum, Bolivina anastomosa, and Uvigerina auberiana.
The small, hispid uvigerinids, however, occur in large
numbers in Sample 593-42,CC and may be a reflection
of the increased oxidation at that time.

Coincidentally, when deposition of the oxidized sub-
unit ceased, sedimentation rates suddenly increased from
9.7 to 48.4 m/m.y. This increase may have resulted from
increased biogenic productivity associated with stimu-
lated circulation related to Miocene glaciation.

The large change occurs slightly later in the early Mi-
ocene (P. glomerosa curva to Orbulina suturalis zones).
At this time, both the diversity and abundance of ben-
thics increase. The rectuvigerinids disappear temporari-
ly and seven new forms appear, at least four of which
are cibicidids. Nuttalides umbonifera, a form correlated
with deep water masses later in the Neogene, first oc-
curs at this site.

High rates (48.4 m/m.y.) of sedimentation continued
through the middle Miocene, with the deposition of rel-
atively unchanging foraminifer-bearing nannofossil oozes
to nannofossil oozes. These high rates diminished to
15 m/m.y. in the late Miocene to earliest Pliocene.

As in most of the sites drilled during Leg 90, there
was a remarkable increase in sedimentation rates be-
tween 4 and 3 m.y. ago, in the late early Pliocene. Rates
were 103 m/m.y. at Site 593. The paleoceanographic
event that caused this increase remains unknown but
was almost certainly related to increased biogenic pro-
ductivity. Beginning near the end of this interval, the
percentage of foraminifers in the sediments increased.

The foraminifer-bearing nannofossil ooze that occurred
at 3 m.y. in the sequence probably represents an interval
when bottom currents in this area were strong enough to
winnow some nannofossils from the sediment. The oc-
currence of an upper winnowed sequence at Site 593 is
similar to the uppermost recovered sections at Sites 587
through 592, and probably coincides with a period of
more intensive global oceanic circulation, perhaps re-
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SITE 593

lated to the development of Northern Hemisphere glaci-
ations. This led to a marked decrease in sedimentation
rates (about 23 m/m.y.) through the late Pliocene to Qua-
ternary.

The section terminates with the familiar late Quater-
nary veneer (0 to 6 m) of oxidized sediments.
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LITHOLOGIC DESCRIFTION

3,70
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R

(10%R 821, wiff to firm, totally homogeneaus snd featere
Cale, mannofousils D

NANNOFOSSIL QOZE, very pale orangs (10YR 872 and
[N

SMEAR SLIDE SUMMARY:
Walcanic glass

Carbonate unspec, ©
Foraminifers

Compostion:

TOYR 872
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LITHOLOGIC DESCRIPTION

2,78 4,80
s}
T
A
R
A

D

NANNOFOSSIL OOZE, wary light gray (NB| owerlving
R

varlous hues of very pale orange (YOYR B/2), stiff, very

homogenaoui. Color boundary fepresents no changs in

lithology.

SMEAR SLIDE SUMMARY:
Carbonste uripec. A
Calc. nannofossis A

Volcanie glass
Foraminifers

Composition:
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ish gray (S5GY B/1), homogereous, with alwmations of
firm and stiff sedimants. Light geay (N7} burrows and

NANNOFOSSIL DOZE, vary light gray (8] ta light green
light gray [N7, light greenish gray (5G 8/1) 1o grayish
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LITHOLOGIC DESCRIFTION
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SITE 593

LITHOLOGIC DESCRIPTION

FORAMINIFER-BEARING NANNOFOSSIL DOZE, very

light gray [NBJ. soft, very homogeneaus.
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