7. SITE 591: LORD HOWE RISE, 31°S!

Shipboard Scientific Party?

HOLE 591

Date occupied: 19 December 1982

Date departed: 20 December 1982

Time on hole: 38 hr.

Position: 31°35.06'S; 164°26.92'E

Water depth (sea level; corrected m, echo-sounding): 2131
Water depth (rig floor; corrected m, echo-sounding): 2141
Bottom felt (m, drill pipe): 2142.2

Penetration (m): 283.1

Number of cores: 31

Total length of cored section (m): 283.1

Total core recovered (m): 278.21

Core recovery (%o): 98.3

Oldest sediment cored:
Depth sub-bottom (m): 283.1
Nature: Nannofossil ooze
Age: Early late Miocene

Basement: Not reached

HOLE 591A

Date occupied: 20 December 1982

Date departed: 22 December 1982

Time on hole: 37 hr.

Position: 31°35.06'S; 164°26.92'E

Water depth (sea level; corrected m, echo-sounding): 2131

! Kennett, J. P., von der Borch, C. C., et al., fnit. Repts, DSDP, 90: Washington (LS.
Govt. Printing Office).

James P. Kennett (Co-Chief Scientist), Grad School of O hy, University
of Rhode Island, Narragansett, RI 02882; Christopher C. von der Borch (Co-Chief Scientist),
School of Earth Sciences, Flinders University of South Australia, Bedford Park, South Aus-
tralia 5042; Paul A. Baker, Department of Geology, Duke University, Durham, NC 27708;
Charles E. Barton, Grad School of O University of Rhode Island, Narra-
gansett, R1 02882 (present address: Bureau of Mineral Resources, Geology, and Geophysics,
P.O. Box 378, Canberra, A.C.T., Australia); Anne Boersma, Mwmchmm Inc., 404 RRI,
Stony Point, NY 10980; Jean- Plu-r: Caulet, Lab ire de Gé Muséum National d'His-
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Water depth (rig floor; corrected m, echo-sounding): 2141
Bottom felt (m, drill pipe): 2142.9

Penetration (m): 284.6

Number of cores: 30

Total length of cored section (m): 284.6

Total core recovered (m): 233.15

Core recovery (%): 81.9

Oldest sediment cored:
Depth sub-bottom (m): 284.6
Nature: Nannofossil ooze
Age: Early late Miocene
Measured velocity (km/s): 1.656 km/s at 249 m
Shear strength: 145 g/cm? at 248 m;
greater than 250 g/cm? below

Basement: Not reached

HOLE 591B

Date occupied: 23 December 1982

Date departed: 24 December 1982

Time on hole: 31 hr.

Position: 31°35.06'S; 164°26.92'E

Water depth (sea level; corrected m, echo-sounding): 2131
Water depth (rig floor; corrected m, echo-sounding): 2141
Bottom felt (m, drill pipe): 2141.5

Penetration (m): 500.4

Number of cores: 24

Total length of cored section (m): 229.8

Total core recovered (m): 130.86

Core recovery (%): 56.9

Oldest sediment cored:
Depth sub-bottom (m): 500.4
Nature: Foraminifer-bearing nannofossil chalk
Age: Latest early Miocene
Measured velocity (km/s): 2.218 km/s at 495 m
Shear strength: 222 g/cm? at 294 m; greater values below

Basement: Not reached

Principal results: Site 591 consists of three holes. Hole 591 was cored
continuously with the hydraulic piston corer (HPC) from 0-283.1 m
sub-bottom; Hole 591A was cored continuously with the HPC from
0-246.5 m and rotary cored with the extended core barrel (XCB)
from 246.5-284.6 m; and Hole 591B was cored continuously using
conventional rotary coring from 270.6-500.4 m sub-bottom. Cores
recovered with the first HPC are relatively undisturbed; those us-
ing the second HPC are slightly more disturbed because of rough
sea conditions. The cores recovered using conventional rotary cor-
ing exhibit mixed quality: quite disturbed in the upper part of the
section, although recovery was high; moderate recovery in the mid-
dle part of the sequence; and good quality cores with moderate to
low recovery rates in the lowest part of the sequence. The extended
core barrel did not function successfully at this site.

The sequence is made up of one lithostratigraphic unit repre-
sented mostly by foraminifer-bearing nannofossil ooze or foramin-
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SITE 591

ifer-rich nannofossil ooze. Site 591 is a continuous sequence from
the late early Miocene (17 m.y. ago) to the Quaternary. The HPC
part of the sequence is from early late Miocene (11 m.y. ago) to the
Quaternary. The biostratigraphy is complete with no apparent hia-
tuses. A paleomagnetic polarity stratigraphy has been identified
down to the late Gilbert Chron (about 3.5 m.y. ago).

The sequence is divided into three subunits based on changes in
color and the relative abundance of foraminifers and calcareous
nannofossils, and on the degree of lithification. The sedimentary
sequence is similar to that at Site 590, but there are even more spec-
tacular sedimentation rates within the early Pliocene: 131 m/m.y.
These high rates are due to the high productivity of calcareous bio-
genic material occurring in the late Neogene at three sites in this
area (590, 591, and 206). It is possible that the particularly high bi-
ogenic productivity in this area is related to the poorly known Sub-
tropical Divergence that crosses the Tasman Sea at the latitude of
these sites. Rates are much lower at the sites drilled to the north of
Lord Howe Rise (Site 588) and to the south (Site 592). We have dis-
missed the possibility that the high sedimentation rates in the Plio-
cene are due to secondary reworking of material from elsewhere.
This is because of the isolated location of Site 591, near the crest
of a spur of Lord Howe Rise, and because clearly reworked materi-
al is absent from the section.

Diagenetic alteration of the microfossil sequence took place in
younger sediments than at Site 590, because Site 591 has higher
sedimentation rates. Foraminiferal recrystallization is already well
advanced in the lower middle Miocene sediments, and calcareous
nannofossils exhibit signs of overgrowths in lower Pliocene sedi-
ments. The higher rates of sedimentation at Site 591 have allowed
finer stratigraphic resolution than at Site 590. A number of evolu-
tionary sequences within the planktonic foraminifers are clearly
exhibited in this expanded sequence.

Site 591 provides excellent opportunities for high-resolution mi-
crofossil and stable isotopic work in the upper Miocene through
Quaternary section, which is well preserved. Radiolarians, diatoms,
and silicoflagellates are persistently but rarely present throughout
the entire section.

Benthic foraminifers are well represented in the late Miocene
to Quaternary. Site 591 is intermediate in vertical depth profile
(2131 m) between Sites 590 and 206. Benthic faunas typical of up-
welling zones appear in the middle Miocene. Important faunal dif-
ferences exist between Sites 591 and 590, reflecting different pale-
oceanographic histories at these different water depths. The pa-
leoceanographic changes include both upward and downward mi-
grations of some forms of benthic foraminifers.

Site 591 exhibits a valuable tephrochronology, based on many
volcanic ash layers and inferred altered ash layers. There is an im-
portant Quaternary peak in activity, low activity in the Pliocene
and late Miocene, high activity in the early late Miocene to late
early Miocene. The mid-Neogene peak may extend through the
middle Miocene, but core recovery was poor in this interval.

BACKGROUND AND OBJECTIVES

Site 591 lies near the crest of a southern spur of the
eastern part of the Lord Howe Rise (Fig. 1). The spur
extends outward into the New Caledonia Basin and is
surrounded by turbidite fill to the east and south. The
western edge of the spur is, in its northern part, sepa-
rated from the main part of the Lord Howe Rise by a
valley that slopes southward, leading toward a ponded
turbidite sequence which slopes toward the level of the
New Caledonia Basin. Thus the crest of the spur on
which Site 591 is located is isolated from any influences
of sediment transportation from the main part of the
Lord Howe Rise. The seismic profile (Fig. 2) exhibits a
relatively simple transparent layer about 520 m thick
above a distinct reflector which is considered to represent
the regional unconformity associated with the Eocene/
Oligocene boundary.
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Figure 1. Regional bathymetry (fathoms) around Site 591, after Mam-
merickx et al. (1974). Glomar Challenger Leg 90 track shown;
heavy portion locates water gun seismic profile illustrated in Fig. 2.

Site 591 was selected to provide a Neogene-late Pa-
leogene stratigraphic succession at water depths inter-
mediate (about 2200 m) between Sites 590 (1299 m) and
206 (3196 m). A site at this intermediate depth is re-
quired to study changes in the vertical water mass struc-
ture of the southwest Pacific Ocean during the Neogene.
These three sites, in combination, will provide an op-
portunity to carry out detailed studies of changes in the
intermediate water masses between 1000 and 3000 m wa-
ter depth. Site 591 is located midway between Sites 590
and 206, providing a compact suite of sites.

Determining the vertical temperature gradient of past
oceans represents a problem that has not been studied in
detail. Keigwin et al. (1979) examined the thermal struc-
ture of the Pacific Ocean for the early Pliocene, using
sediment cores from water depths between 1000 and
4500 m and oxygen isotopic analyses of benthic fora-
minifers. This study demonstrated an approximate 1%o
difference in 6'%0 between cores taken at 1000 m and
those from 3000 m, representing a 3°C vertical tempera-
ture difference through the intermediate water masses.
A major goal of Site 591, as with the other sites in the
depth traverse, was to provide a continuous sequence of
high stratigraphic resolution through the Neogene,
which would allow us to compare and contrast the §'30
and temperature gradients between selected intervals of
time (see Kennett, this volume). For instance, we were
interested in determining whether any changes occurred
in the character of the vertical temperature gradient dur-
ing the middle Miocene paleoceanographic event, when
considerable ice accumulated on east Antarctica (Shack-
leton and Kennett, 1975; Kennett, 1978; Woodruff et
al., 1981); during the terminal Miocene event, when a
distinct shift in 6'3C occurred in the deep-sea sediment
record 6.2 m.y. ago (Loutit and Kennett, 1979; Vincent
et al., 1980; Hagq et al., 1980), perhaps related to a ma-
jor change in oceanic turnover rates (Bender and Keig-
win, 1979); and during the late Pliocene, about 3 m.y.
ago, when Northern Hemisphere ice sheets began to
form (Shackleton and Opdyke, 1977).
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Figure 2. Water gun seismic profile (Glomar Challenger) near Site 591; bandpass filter 50-160 Hz.

Changes in 6'3C were also to be examined through
the Neogene at the different water depths offered by the
sites in this traverse. It has been determined that differ-
ences in 6'3C values represent valuable fingerprints of
bottom waters.

The vertical depth traverse also was intended to pro-
vide a valuable opportunity to examine changes in ben-
thic foraminiferal assemblages within the intermediate
water masses during the Neogene. Benthic foraminifers
are particularly valuable tracers of change in bottom-
water characteristics through time (Douglas and Wood-
ruff, 1981). They either migrate, evolve, or become ex-
tinct in response to bottom-water changes. The cores in
the southwest Pacific depth traverse were expected to al-
low foraminiferal changes to be evaluated within a frame-
work of paleodepths. This, in turn, should provide valu-
able data on the evolution of the intermediate water mass
and allow comparisons with the stable isotopic data.

Site 591 is located at 2130 m, above the foraminiferal
lysocline, and calcareous microfossil preservation was
expected to be of high quality. Like Site 590, this site is
located in waters transitional between the warm sub-
tropical and temperate water masses and is of potential
importance in correlating stratigraphic sequences of these
areas. Because Site 590 was marked by very high sedi-
mentation rates in the middle Miocene and younger se-
quences, high overburden pressure created much recrys-
tallization of the microfossils in the middle and early
Miocene. This has a potentially detrimental effect upon
stable isotopic values. It was hoped that the calcareous
microfossils through the early Neogene sequence at Site
591 would be less recrystallized and thus more useful for
analyses of stable isotopes.

The final location of SW-6 (Site 591) changed during
Leg 90. Originally SW-6 was to be located at a similar
depth about 1° of latitude further north on the slope of
the Lord Howe Rise. The original position was located
on an Australian Bureau of Mineral Resources seismic

profile which is of poor resolution but was the best avail-
able in the region. During the breakdown of the ship-
board positioning computer, a useful survey conducted
near Site 206 with the excellent water gun profiling sys-
tem of the Glomar Challenger provided high-resolution
data of the upper part of the sediment column. It was
discovered that areas between about 1900 m and 2900 m
on the slope of the rise exhibit heavily slumped topogra-
phy. This seems also to be the case in the original area
proposed for Site SW-6 drilling. A new area favorable
for SW-6 objectives was discovered on the spur of the
Lord Howe Rise, in unslumped terrain, exhibiting ap-
parently uncomplicated stratigraphy and with a sediment
thickness of 520 m down to the inferred regional uncon-
formity separating the Eocene and Oligocene.

The drilling plans at Site 591 were to take two hy-
draulic piston cores and to rotary core (XCB) continu-
ously through the Neogene sequence to the upper Oligo-
cene sequence.

OPERATIONS

Site 591 (new SW-6): Downslope of Central Lord
Howe Rise

The ship was positioned over the beacon with some
difficulty because wind, current, and swell were all pres-
ent from different directions. A combination variable
length (VL) HPC-XCB bottom-hole assembly (BHA) was
made up and run to the seafloor. Hole 591 was spudded at
1150 hr., 19 December, with a mud line core which veri-
fied the water depth as 2142 m (Table 1).

Piston coring proceeded using the 9.5-m VLHPC with
only two shear pins. A nearly perfect series of cores was
taken to a total depth of 283.1 m BSF in gradually stiff-
ening carbonate ooze. Favorable conditions of vessel mo-
tion, repeated full stroke of the piston corer, and excel-
lent core quality made this an exceptionally well pre-
served cored sequence which was marked by greater than
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SITE 591

Table 1. Coring Summary, Site 591.

Depth from Depth below
Date drill Noor seafloor Length Length
Core  (Dec. (m) (m} cored recovered  Percentage
no. 1982) Time Top Bouem Top Bottom (m) (m) recovered
Hole 591
1 19 1215 2142.2-2145.6 0.0-3.4 14 338 994
2 19 1318 2145.6-2155.2 3.4-13.0 2.6 9.72 100 +
3 19 1410 2155.2-2164.8 13.0-22.6 9.6 9.52 9+
4 19 1503 2164.8-2174.4 22.6-32.2 9.6 9.47 99+
5 19 1605 2174.4-2184.0 32.2-41.8 9.6 8.82 92
[ 19 1705 2184.0-2191.6 41.8-51.4 9.6 9.57 100
7 19 1805 2193.6-2203.2 51.4-61.0 9.6 912 93
8 19 1900 2203.2-2212.8 61.0-70.6 9.6 8.98 98
9 19 1950  2212.8-2222.4 70.6-80.2 9.6 9.44 100 +
4] 19 2055 2222.4-2232.0 BO.2-89.8 9.6 9.65 100 +
I 19 2150  2232.0-2241.6 £9.8-99.4 9.6 9.16 95
12 19 2310 2241.6-2251.2 99.4-109.0 9.6 9.56 9.5
13 19 2350 2251.2-2260.5 109.0-118.3 93 92.19 98.8
14 20 0050  2260.5-2269 .8 118.3-127.6 9.3 9.67 100+
15 20 0200  2269.8-2279.1 127.6-136.9 9.3 9.64 100 +
[ 20 0300 2279.1-2288.4 136.9-146.2 9.3 9.63 100+
17 0 0400  2288.4-2297.7 146.2-155.5 9.3 9.7 100+
I8 0 M50 2297.7-2307.0 155.5-164.8 93 9.29 100+
19 20 0600 2307.0-2316.5 I64.8-174.3 9.5 9.55 100 +
20 20 0700 2316.5-2326.0 174.3-183.8 9.5 9.59 100+
21 0 0740 2326.0-2335.5 183.8-193.3 9.5 9.47 9.7
b 20 0843 23355-23449 193.3-202.7 9.4 B.5% 50.9
23 20 0940  2344.9-2354.3 202.7-212.1 9.4 9.50 100 +
24 20 1038 2354,3-2363.7 212.1-221.5 9.4 B.63 91.8
25 20 1145 2363.7-2373.3 221.5-231.1 9.6 9.73 100+
26 20 1245 2373.3-2382.9 231.1-240.7 9.6 B.76 9
27 20 1345 2382.9-2392.5 240.7-250.3 9.6 27 100+
28 20 1445 2392.5-2402.0 250.3-259.8 9.5 9.1 95
29 20 1615 2402.0-2411.5 259.8-269.3 9.5 8.93 94
30 20 1730 2411.5-2416.5 269.3-274.3 5.0 4.40 88
31 20 1900 2416.5-2425.3 274.3-283.1 8.8 876 99
283.10 278.21 98.3
Hole 591A
1 20 2052 2140.9-2150.1 0.0-9.2 9.2 9.16 100
2 20 2150  2150.1-2159.7 9.2-18.8 2.6 B.73 90.9
3 20 2300 2159.7-2169.3 18.8-28.4 9.6 6.40 66.6
4 20 2380 2169.3-2178.9 28.4-38.0 9.6 B30 86.4
5 21 0055 2178.9-2188.5 I8.0-47.6 9.6 B.67 90.3
[ 21 0200  21BB.5-2198.1 47.6-57.2 2.6 B.44 87.9
7 21 0245 2198.1-2207.7 57.2-66.8 9.6 9.28 96.6
B 21 0350  2207.7-2217.3 66.8-76.4 9.6 792 B2.5
9 21 0445  2217.3-2226.9 76.4-86.0 9.6 7.34 76.4
10 21 0540  2226.9-2236.5 B6.0-95.6 9.6 6.92 72.0
11 21 0645 2236.5-2246.1 95.6-105.2 9.6 7.95 BLE
12 21 0745 2246.1-2255.4 105.2-114.5 9.3 8.61 92.5
11 21 0840  2255.4-2264.7 114.5-123.8 9.3 £.55 91.9
14 21 0940  2264.7-2274.0 123.8-133.1 9.3 9.20 95.8
15 2 1040 2274.0-2283.3 133.1-142.4 9.3 919 100+
16 21 1140 2283.3-2292.6 142.4-151.7 9.3 8.77 94
17 21 1240 2292.6-2301.9 151.7-161.0 93 9.24 9
18 21 1340 2301.9-2311.4 161.0-170.5 9.5 E.B& 93
19 21 1440 2311.4-2320.9 170.5-180.0 9.5 8.79 92
20 21 1540 2320.9-2330.4 180.0-189.5 9.5 8.27 BT
21 21 1040 2330.4-2339.3 189.5-198.9 9.4 9.31 9
2 21 1745 2339.8-2349.2 198.9-208.3 9.4 9.48 100+
23 21 1900 2349.2-2358.6 208.3-217.7 9.4 9.25 98
24 21 2030  2358.6-2368.2 217.7-221.3 9.6 8.29 B6
25 21 2130 2368.2-2377.8 227.3-236.9 9.6 8.18 8S
26 21 2235 2377.8-2387.4 236.9-246.5 9.6 8.41 1.6
27 2 0100 3387.4-2396.9 246.5-256.0 9.5 7.31 76.9
8 22 445 2396.9-2406.4 256.0-265.5 9.5 0.0 0.0
29 n 0545 2406.4-24159 265.5-275.0 9.5 0.0 0.0
0 2 0645 2415.9-2425.5 275.0-284.6 9.6 4.13 43
284.6 23315 BlLY
Hole 591B
1 23 0600 2411.5-2421.1 270.6-280.2 9.6 3.69 B4
2 23 0645 2421.1-2430.7 280.2-289.8 9.6 9.48 98.7
3 23 0730 2430.7-2440.3 289.8-299.4 9.6 7.42 772
4 23 0820  2440.3-2449.7 299.4-308.8 9.4 7.08 73.7
5 2 0905 2449.7-2459.1 308.8-318.2 9.4 5.00 52.0
6 23 1000 2459.1-2468.5 318.2-327.6 94 7.86 BL.8
7 23 1045 2468.5-2478.1 2763172 9.6 9.00 9.7
8 3 1130 2478.1-2487.7 337.2-346.8 9.6 17 2.6
9 23 1235 2487.7-2497.3 346.8-356.4 9.6 2.69 28.0
10 23 1335 2497.3-2506.9 156.4-366.0 9.6 431 4.9
1 23 1435 2506.9-2516.5 366.0-175.6 9.6 1.63 17.0
12 23 1535 2516.5-2526.1 375.6-385.2 9.6 2.51 26.1
13 23 1620 2526.1-2535.7 385.2-394.8 9.6 124 37
14 3 1740 2535.7-2545.3 394.8-404 4 9.6 2.21 230
15 23 1840  2545.3-2554.9 404.4-414.0 9.6 4.11 428
16 23 1935 2554.9-2564.5 414.0-423.6 9.6 0.49 5.1
17 23 2040 2564,5-2574.1 423.6-433.2 9.6 5.06 5.7
18 23 2140 2574.1-2583.7 433,2-442.8 9.6 8.70 0.6
19 23 2240 1583.7-25931.3 442 8-452.4 9.6 7.86 8.9
20 23 2340 2593.3-2602.9  452.4-462.0 9.6 774 80.6
21 24 0045 2602.9-2612.5 462.0-471.6 9.6 4,68 48.7
22 24 0145 2612.5-2622.1 471.6-481.2 9.6 7.98 Bi.1
23 24 0245 2622.1-2631.7 481.2-490.8 9.6 9.71 100 +
24 24 0345 2631.7-2641.3 490.8-500.4 9.6 6.24 65.0
229.80 130.86 56.9
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98" recovery. The hole was terminated despite contin-
ued full stroke when excessive pullout loads endangered
the coring tool.

Hole 591A

The bit was pulled to the mud line and the vessel was
offset 100 ft. in preparation for a repeat piston core se-
quence. The new hole was spudded at 2012 hr., 20 De-
cember. Cores were staggered to overlap those from Hole
591. Rougher weather resulted in poorer core quality and
recovery in the repeat piston core sequence. Again full
stroke was achieved on all cores.

Piston coring was stopped at 246.5 m BSF to avoid
excess overpull. The XCB was then deployed a total of
six times. Each of the six attempts resulted in a severely
shattered liner which created much difficulty in remov-
ing the liners and/or cores from the core barrels.

Additional problems were encountered when several
of the XCB core barrels did not land at their proper
latch-in point above the bit. Each seemed to become
stuck at a position 70-80 m above its normal landing
point and required repeated jarring by the wireline to
become free. No immediate cause for or solution to this
phenomenon could be found.

Both these problems led to the termination of Hole
591A, and the pipe was tripped to allow us to change
over to the standard rotary system and inspect the BHA.
Subsequent inspection of all BHA components includ-
ing disassembly and servicing of the bumper subs failed,
however, to reveal why the barrels had become stuck.

During the pipe trip the vessel was subjected to a se-
vere combination of wind, swell, and current. In an at-
tempt to hold the roll to a minimum for safety of per-
sonnel on the rig floor while pulling out of the hole, the
vessel was allowed to wander about 3 mi. from the bea-
con. When we returned to the beacon the adverse condi-
tions made positioning exceedingly difficult unless the
ship’s heading was such that the rolls made running in
the hole unsafe. After the ship spend 7 hr. seeking opti-
mum positioning while waiting on the weather, the wind
abated enough to allow the vessel to position in auto-
matic with a safe level of vessel motion.

Hole 591B

A short-hook-up BHA, spaced out for standard rota-
ry drilling, was run back to the seafloor and the bit was
washed to 270.6 m BSF to begin rotary coring. After the
wash barrel was retrieved, 24 rotary cores were taken to
a depth of 500.4 m BSF (Table 1). At this point fossils
were too badly preserved to be valuable for analyses so
the hole was terminated.

Core quality was mediocre and recovery was below
average, largely because of unfavorable sea conditions
and vessel motion. The pipe was tripped, the rig secured
for sea, and the ship was underway for second-priority
Site SW-3 at 0950 hr., 24 December 1982.

LITHOSTRATIGRAPHY

The sedimentary sequence recovered at Site 591 is a
calcareous biogenic facies that constitutes a single lith-
ostratigraphic unit. The basic color of the sediment is



light gray, with greenish gray interbeds. The main bio-
genic components are calcareous nannofossils and fora-
minifers (Fig. 3). Biosiliceous components are occasion-
ally present in trace amounts, and increase slightly in
abundance below Core 591-27 and throughout Hole 591B.
Siliceous components consist mainly of fragments of ra-
diolarians, diatoms, and sponge spicules, and silicoflag-
ellates appear in Cores 591-21 and 591A-23.

Nonbiogenic components comprise a very small pro-
portion of the sediment. Quartz, feldspars, mica, possi-
ble heavy minerals, and micritic carbonate are generally
present. Micritic carbonate significantly increases below
Core 591B-18. Trace quantities of clear volcanic glass
occur throughout the sequence. Ash layers are present
in Cores 591-2, 591-5, 591-10 and possibly 591-13, and
in 591A-1 and possibly 591A-2 (Fig. 4). Pockets of vol-
canic glass also occur in Core 591A-25. Zeolites are pres-
ent in trace amounts in Cores 591-2 and 591-4. Palago-
nite is also present in Cores 591-31 and 591A-3. Light
greenish gray laminae are common and often associated
with underlying gray laminae of iron sulfides. These lam-
inae (Fig. 4) may represent alteration products of devit-
rified volcanic glass. These paired color bands occur more
frequently above 80 m BSF (Cores 591-1 to 591-9 and
591A-1 to 591A-8), as well as in Hole 591B below Core
591B-3 (Fig. 4). Authigenic iron sulfides occur within
burrows and foraminifer tests, and as finely dispersed
gray pockets, halos, and laminae throughout the se-
quence. Pyrite nodules are present in Hole 591B.

The sequence at Site 591 is divided into three sub-
units based on color, on the relative abundance of fora-
minifers and calcareous nannofossils, and on the degree
of lithification (Fig. 5).

Subunit 1A extends from the seafloor to 0.62 m sub-
bottom in Hole 591 and to 0.50 m in Hole 591A. This
subunit is late Quaternary in age. The sediment is yel-
lowish gray to pale yellowish brown and consists of a
foraminifer-bearing nannofossil ooze. Subunit IA corre-
sponds to the zone of oxidation.

Subunit IB extends from the base of the oxidized lay-
er to 289.8 m sub-bottom (Quaternary to upper Mio-
cene). The sediments, light gray in color, range from a
foraminifer-bearing nannofossil ooze to a nannofossil
ooze. Greenish gray levels are frequent in this subunit
and contain slightly more foraminifers (5 to 10%) than
light gray oozes.

Subunit IC extends from 289.8 m sub-bottom to the
bottom of Hole 591B (500.4 m sub-bottom). This sub-
unit is late Miocene to early Miocene in age. The sedi-
ments, very light gray to light greenish gray, range from
a foraminifer-bearing nannofossil chalk to a nannofossil
chalk.

Bioturbation in Hole 591 is important in Cores 591-7
and 591-8, and Cores 591-9 to 591-31 are slightly to mod-
erately bioturbated. The entire sequence in Hole 591A is
slightly to moderately bioturbated, with the exception
of Core 591A-13, which is extremely bioturbated. Sedi-
ments in Hole 591B are moderately bioturbated in Cores
591B-4 and 591B-5, as well as in 591B-15 to 591B-24.
Many burrows—gray, light greenish gray, and grayish
yellow green—are present. Examples of Planolites-like
burrows are apparent in the three holes. Zoophycos-like

SITE 591

burrows are common below Core 591B-3. Flaser-type
structures appear below Core 591B-16. Microfractures
are present in Cores 591B-5 to 591B-7 and in 591B-12.

The sediment becomes more indurated with depth.
Sediment above 290 m sub-bottom is an ooze and be-
comes progressively stiffer with depth, especially below
155 m (soft to stiff). Sediment below 290 m (Core 591B-
3) is chalk, with clear recrystallization below 300 m (Core
591B-4). Sediment becomes very hard and recrystalliza-
tion is widespread below 443 m (591B-19).

The first section of Cores 591-1 to 591-12 is generally
soupy or very disturbed. Sections 1 to 3 of Cores 591-12
to 591-24 are slightly to very disturbed. Cores 591-24 to
591-31 are undisturbed. All cores in Hole 591A are soupy
or disturbed in the first section. Cores 591A-5 to 591A-9
are moderately to very disturbed in Sections 1 to 4, and
Cores 591A-9 to 591A-13 and 591A-18 to 591A-30 are
slightly to very disturbed in Sections 1 and 2. Cores 591B-
1, 591B-2 and 591B-8 to 591B-13 are very disturbed and
consist of biscuits of sediment surrounded by a slurry of
soft ooze introduced during the coring process.

PHYSICAL PROPERTIES

Combining Holes 591A and 591B yields a continu-
ously cored section with good recovery, nearly 500 m
long, from which numerous physical properties were ob-
tained. Gravimetric, sonic velocity, and shear strength
measurements were systematically performed at small in-
tervals along the HPC cores and most sections were run
through the continuous GRAPE scanning apparatus (see
Introduction for specific techniques). Grain densities were
determined by standard gravimetric analyses and the
results are shown in Figure 6A. Below a depth of 300 m,
the data were obtained from solid chunk samples rather
than from sediment-filled cylinders (Boyce, 1976). The
grain densities are quite uniform at this level and are
consistent with calcareous sediments (CaCO, grain den-
sity = 2.71 g/cm?). The carbonate content of these sedi-
ments is quite high (Fig. 6B). At shallower depths, how-
ever, the grain density varies erratically. It appears that
the chunk method used with lithified samples is more
accurate and reliable than the cylinder technique which
is employed for soft, easily deformable sediments.

The GRAPE porosity data are plotted versus depth
in Figure 7A, where the GRAPE wet-bulk densities have
been converted to porosities by assuming an average grain
density of 2.691 g/cm3. The results are averaged across
each meter of depth, and these mean values are depicted
by a solid line. The porosity profile of Hole 591 coin-
cides well with that of the adjacent Holes 591A and
591B (Fig. 7B).

All of the acoustic velocity and shear strength mea-
surements were made on split cores, parallel to bedding.
The P-wave velocity results are plotted versus depth in
Figure 7C. This information, when combined with the
GRAPE porosity profile, yields a relationship between
compressional velocity and porosity (Fig. 7D). A sharp
increase in this property is observed as the sediment po-
rosity approaches 53%.

Similarly, shear strength is plotted versus depth in Fig-
ure 7E, where a sudden rise in its magnitude is seen to
occur at approximately 250 m. At a depth of 290 m, lith-
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Figure 3. (Continued).

ification prevents further testing as the shear strength
progresses beyond the range of the Wykeham-Farrance
vane device. These data depict the same behavior as that
described by the acoustic velocity results of Figure 7D.
The shear strength increases dramatically as a declining
porosity approaches 53% (Fig. 7F).

A relationship between acoustic impedance and depth
can be established by combining the compressional ve-
locity results with the GRAPE wet-bulk density profile

(Fig. 7G). A more detailed presentation and analysis of
the physical properties results for Site 591 is reported by
Morin (this volume).

SEISMIC STRATIGRAPHY

Figure 8 illustrates a portion of the shipboard water
gun seismic profile collected during the approach to Site
591. Five acoustic units have been identified (A-E), equiv-
alent to the regional acoustic units of Willcox et al.,
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Figure 3. (Continued).

1980. These are correlated in part with the lithology of
the site (lithostratigraphic Subunits IA, IB, and IC).
The five acoustic units are identical to those described
in the Seismic Stratigraphy section for Site 590, with the
exception that Unit E at Site 591 may represent acoustic
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basement, and not the graben-filling low-amplitude unit
described earlier. Some obvious erosion has occurred im-
mediately to the northwest of the site, with uppermost re-
flectors below the reflected wave form showing evidence
of truncation. However the actual site locality, at a slight-



ly shallower water depth, appears to overlie a relatively
complete stratigraphic sequence.

Site 591 was drilled to a total depth of 500.4 m,
through acoustic Unit A into acoustic Unit B. The sedi-
mentary section comprises three lithostratigraphic sub-
units (IA, IB, and IC), ranging in age from Quaternary
to latest early Miocene. Subunit IA is too thin to be
shown on Figure 8. Lithologies range from foraminifer-
bearing nannofossil ooze or nannofossil ooze to fora-
minifer-bearing nannofossil chalk, with the ooze/chalk
boundary occurring at a sub-bottom depth of approxi-
mately 290 m.

The most significant observation from the data out-
lined above is the gradation from ooze to chalk, which
occurs within the upper Miocene. This occurs approxi-
mately 40 m above the selected upper boundary of acous-
tic Unit B, assuming an interval velocity of 2000 m/s av-
eraged from shipboard velocimeter measurements. The
greater amplitudes observed near the top of acoustic
Unit B are considered to be due at least in part to varia-
tions in the degree of induration of sediments observed
within lithostratigraphic Unit IC.

BIOSTRATIGRAPHY

Site 591 was drilled with the objective of recovering a
deep-water Neogene section that could be combined with
those from Sites 590 (1299 m) and 206 (3196 m) to form
a depth traverse through the three major bottom-water
types in this area of the Tasman Sea. The planktonic
biostratigraphies and faunas were expected to be very
similar to those at Site 590, which is located only about
100 km to the west.

Three holes were cored at Site 591. Hole 591 contains
31 cores and includes sediments of Quaternary through
late Miocene age. Hole 591A repeated the section at Hole
591. Hole 591B overlapped in part with the upper Mio-
cene section at Hole 591, then recovered Miocene sedi-
ment down to the uppermost lower Miocene. The nan-
noplankton and planktonic foraminiferal zones are shown
in Figure 9.

The planktonic foraminiferal faunas at Site 591 are
well preserved through the Pliocene and upper Miocene;
below that point preservation deteriorates rapidly and
by the lower middle Miocene most forms are recrystal-
lized. In the few lower Miocene cores, many species are
barely recognizable because of recrystallization and ce-
mentation. The faunas are identical to those from near-
by Site 590; however, three biostratigraphic zones not
recognized at Site 590 were recovered at Site 591. These
are the lower Pliocene Globorotalia sphericomiozea Zone,
the Orbulina suturalis Zone, and the Praeorbulina glo-
merosa curva Zone of the early middle Miocene. The
identification of these zones is attributed to the very
high sedimentation rates at Site 591.

Calcareous nannoplankton were very abundant and
were preserved throughout the section; however, their pres-
ervation was, in general, worse than at Site 590. Over-
growths occur in the Pliocene, and the Miocene discoas-
ters are difficult to recognize. As with the foraminifers,
preservation deteriorated rapidly toward the bottom of
the hole. The biostratigraphy of the section was the same
as at Site 590.

SITE 591

Benthic foraminiferal faunas are well preserved from
the Quaternary through the upper Miocene, but below
that faunas are impoverished; in the middle Miocene,
recrystallization of the individuals increases and by the
lower Miocene few if any forms could be recognized be-
cause of recrystallization and cementation. The benthic
faunas contain many of the same species found at site
590; however, an indigenous element was recognized.

Radiolarians, diatoms, and silicoflagellates were found
in most cores throughout the section; they were rare to
common down to the lower middle Miocene.

Planktonic Foraminifers

Zones

The following zones were identified at Site 591; the
zonal boundary markers are shown below:
Globorotalia truncatulinoides Zone
L. A. Globorotalia tosaensis
Globorotalia truncatulinoides-G. tosaensis Zone
I. A. G. truncatulinoides
Globorotalia tosaensis Zone
1. A. G. tosaensis
Globorotalia inflata Zone
1. A. G. inflata
Globorotalia crassaformis Zone
1. A. G. crassaformis
Globorotalia puncticulata Zone
1. A. G. puncticulata
Globorotalia sphericomiozea Zone
L. A. G. conomiozea
Globorotalia conomiozea Zone
1. A. G. conomiozea
Globigerina nepenthes Zone
L. A. Neogloboquadrina continuosa
Neogloboquadrina continuosa Zone
L. A. Globorotalia mayeri
Globorotalia mayeri Zone
L. A. G. peripheroacuta
Globorotalia fohsi s.l. Zone
1. A. G. peripheroacuta
Orbulina suturalis Zone
I. A. O. suturalis
Praeorbulina glomerosa curva Zone
I. A. P glomerosa
Globorotalia miozea Zone

Faunas

The preservation of the abundant planktonic forami-
niferal faunas was good down to the early late Miocene
N. continuosa Zone, but in this zone and sporadically
down through the middle Miocene into the lower Mio-
cene the preservation deteriorated; this poor preserva-
tion is especially true for the lowermost middle Miocene
and down into the lower Miocene.

As expected, the species content of the zones was al-
most identical to those at Site 590.

Benthic Foraminifers

Benthic foraminifers were examined from all core
catchers from Holes 591 and 591B. Benthic faunas are
well preserved in the Quaternary, Pliocene, and upper
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Miocene sediments; however, faunas are impoverished,
and the preservation of several taxa deteriorates below
the upper Miocene. Recrystallization was first noticed
in the mid-middle Miocene; by the lower Miocene few if
any individuals could be recognized because of the ce-
mentation of the carbonates.

heavy drilling disturbance
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Benthic faunas at Site 591 contain many of the same
species found at the shallower Site 590, but did reveal an
indigenous element consisting of several miliolid species,
Favocassidulina fava, Uvigerina pygmaea, Angulogeri-
na angulosa, and Epistominella exigua. The species that
occurred very rarely at Site 591, including Bolivinopsis
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Figure 5. Lithostratigraphy of Site 591 (recovery in black).

praelonga, Pleurostomella alternans, Rectuvigerina mul-
tistriata, and Cibicidoides rugosus, to name only a few,
were those which were common and typical of the shal-
lower Site 590.

Because of the poor preservation, little could be de-
rived from the lower to mid-middle Miocene faunas at
Site 591 (591B-16 to 591B-24,CC). Species resistant to
dissolution are the same as found at the other sites. Ci-
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bicidoides tuxpamensis does not range above the Globo-
rotalia fohsi s.1. Zone as it does at other sites. The first
increase in the size of faunas that is not attributable to
the vagaries of preservation occurs in 591B-12,CC, in
the Globorotalia mayeri Zone. The six new entrants ap-
pearing at this time are all also found in abundance in
the Pliocene at Site 590, but are most typical and abun-
dant at sites underlying upwellings.
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At the base of the Neogloboquadrina continuosa Zone
(591B-8,CC; 591-30 to 591-31,CC), large numbers of mi-
liolid fragments and two species, Pyrgo murrhina and
Quinqueloculina seminulina, occur for the first time.
Faunas through the remainder of the Miocene are domi-
nated by the miliolids and, in the Globigerina nepenthes
Zone, by Uvigerina hispido-costata. This type of milio-
lid-uvigerinid fauna, including also Melonis pompilioi-
des and several taxa more typical of Site 590, disappears
at the top of the Miocene, but reappears in this area
during the Globorotalia tosaensis Zone and continues
into the Quaternary.

At the top of the Miocene (Globorotalia conomiozea
Zone, 591-22,CC through 591-21) preservation deterio-
rates and the depleted benthic faunas contain only the
most dissolution-resistant species and some miliolid frag-
ments.

Lower Pliocene faunas (591-20,CC to 591-14) are well
preserved and diverse; typical taxa include Oridorsalis
umbonatus, Heterolepa kullenbergi, P. murrhina, and
Bulimina alazanensis. The transition to the glacial fauna
(G. crassaformis/G. inflata) shows a change in coarse-
fraction content. Species changes include only the rein-

troduction of species already present in the Miocene at
this site and variations in abundances of species com-
mon in the Pliocene. The miliolids decrease markedly in
number through this interval.

The most obvious change in faunal content of the
Pliocene occurs in the G. fosaensis Zone (591-10 to 591-
9,CC) and in the G. tosaensis-G. truncatulinoides over-
lap interval (591-8 to 591-5,CC), when faunas again re-
semble those of the upper Miocene and include, as well,
several species typical of shallower sites, such as Ana-
malinoides globulosa, Cibicidoides pseudoungerianus,
Cassidulina laevigata, and Pullenia quadriloba.

Whereas most of the appearances/disappearances
throughout this section are not considered to have been
evolutionary events, it is interesting that the first ap-
pearance of Uvigerina peregrina occurs later at Site 591
(in the G. puncticulata Zone) than it did at the shallow
Site 590, where it first occurs in the upper Miocene.
This suggests that a form not generally associated in the
Quaternary or Pliocene with intermediate waters first
appeared at these shallower depths. The descent of uvi-
gerinids from upper bathyal to deeper areas occurred
several times during the history of the group.
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Figure 7. (Continued).

Calcareous Nannoplankton

Core-catcher samples along with sufficient addition-
al samples to determine zonal boundaries accurately
were examined for calcareous nannoplankton. All of the
zonal indicators are present, with the exception of Heli-
cosphaera ampliaperta. The upper boundary of the
Helicosphaera ampliaperta Zone (NN4) is determined in-
stead by the first occurrence of Discoaster exilis. Calcar-
eous nannoplankton are abundant throughout the sec-
tion at Site 591. Preservation is good in the Quaternary
and Pliocene. In the Miocene, preservation deteriorates
from moderate to poor, and in particular most of the
discoasters are heavily overgrown.

Hole 591

Thirty-one cores were recovered from Hole 591, pro-
viding a complete nannoplankton zonation from late
Quaternary to late Miocene.

Quaternary

Samples 591-1,CC to 591-2-3, 3-4 cm are placed in
the late Pleistocene Gephyrocapsa oceanica Zone (NN20).
Sample 591-2-5, 3-4 cm contains Emiliania ovata and
is placed in the upper subzone of the early Pleistocene
Emiliania ovata Zone (NN19b). The presence of E. ova-
ta together with Calcidiscus macintyrei in Samples 591-
5-5, 3-4 cm to 591-6,CC places these samples in the
lower subzone of the E. ovata Zone (NN19a).

Pliocene

The presence of Discoaster brouweri in Samples 591-
7-1, 3-4 cm to 591-8-1, 3-4 cm places these samples in
the late Pliocene Discoaster brouweri Zone (NN18). The
late Pliocene D. pentaradiatus Zone (NN17) is repre-
sented only by Sample 591-8-3, 3-4 cm, based on the
last occurrence of Discoaster pentaradiatus. The late Pli-
ocene D. surculus Zone (NN16) is located by the last oc-

391



SITE 591

F
30 T T T I
70 T
= oo}
= 00 [}
‘w B0 T
: o o0
a o ©
Q (o]
o]
8 o]
50 7]
40 i 1 A |
0 100 200 300 400 500
Shear strength (g!cmzll
5.00 G T T T T
0]
__ 425) 2 i
NW
g ° e
= © @
[Ty}
b=
5 350 7
1]
o
=
™
=}
a
E
275f g i
©
o]
200 — . = »
0 100 200 300 400 500

Sub-bottom depth (m)

Figure 7. (Continued).

currence of D. surculus in Samples 591-8-5, 3-4 ¢cm to
591-12-3, 3-4 cm, above the last occurrence of Reticulo-
Senestra pseudoumbilica.

Samples 591-12-5, 3-4 c¢m to 591-16,CC above the
last occurrence of Amaurolithus tricorniculatus, are
placed in the early Pliocene Reticulofenestra pseudoum-
bilica Zone (NN15). The co-occurrence of D. asymmet-
ricus and A. tricorniculatus in Samples 591-17-1, 21-
22 cm to 591-20,CC places these samples in the early
Pliocene Discoaster asymmetricus Zone (NN14). The
first occurrence of Ceratolithus rugosus in Sample 591-
21-5, 3-4 cm places this sample and the overlying Sam-
ple 591-21-1, 3-4 cm in the early Pliocene Ceratolithus
rugosus Zone (NN13).

Miocene

Samples 591-24-3, 3-4 c¢m, the last occurrence of D.
quinqueramus, to 591-28-3, 3-4 cm, the first occurrence
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of A. primus, are placed in the upepr subzone of the
late Miocene D. quinqueramus Zone (NN11b). Samples
591-28-5, 3-4 cm to 591-31,CC, the deepest core at Hole
591, are placed in the lower subzone of the Discoaster
quingueramus Zone (NN11a).

Hole 591A

Only the 31 core-catcher samples from the hole were
examined, because this hole duplicated the zonation of
Hole 591.

Hole 591B

Miocene

The first occurrence of D. gquinqueramus in Sample
591B-4,CC places Samples 591B-1,CC to 591-4,CC in
the lower subzone of the late Miocene Discoaster quin-
queramus Zone (NNI1la). The interval from Samples
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591B-5-1, 3-4 cm to 591B-9-2, 4-5 cm, above the last
occurrence of D. hamatus in Sample 591B-9,CC, is placed
in the late Miocene D. calcaris Zone (NN10). The range
of D. hamatus in Samples 591B-9,CC to 591B-11-1, 4-5
cm places these samples in the middle Miocene D. ha-
matus Zone (NN9). Sample 591B-11,CC is placed in the
middle Miocene Catinaster coalitus Zone (NN8). The
interval from Samples 591B-12-1, 3-4 cm to 591B-
12,CC, the first occurrence of D. kugleri, is placed in
the middle Miocene D. kugleri Zone (NN7). The inter-
val from Samples 591B-13-1, 3-4 cm to 591B-18-5, 3-4
cm, above the last occurrence of Sphenolithus hetero-
morphus in Sample 591B-18,CC, is placed in the middle
Miocene D. exilis Zone (NN6). The presence of S. heter-
omorphus together with D. exilis in Samples 591B-
18,CC to 591B-23,CC places these samples in the mid-
dle Miocene Sphenolithus heteromorphus Zone (NN5),
Sample 591B-24,CC possibly belongs in the early Mio-
cene Helicosphaera ampliaperta Zone (NN4),

Diatoms and Silicoflagellates

Diatoms and silicoflagellates occur in fair numbers
throughout most of the section, but the occurrences are
heavily masked by vast numbers of foraminifers and cal-
careous nannoplankton. Fragments of diatoms and sili-
coflagellates were noted in several routine smear slides
from the late Pliocene down to the middle Miocene.

The residue of an acid-treated sample (591B-5,CC)
of late Miocene age (nannoplankton Zone NN10) in-
cluded representatives of the diatom genera Hemidiscus,
Thalassiosira, and Coscinodiscus. The silicoflagellate as-
semblage of this particular sample is dominated by mem-
bers of the Dictyocha fibula group (forms with horizon-
tal apical bar) and Distephanus polyactis. Present also
are D. crux, D. speculum, and Mesocena circulus. They
are associated with sponge spicules and endoskeletal di-
noflagellates.

Radiolarians

Fragments of radiolarians were found in smear slides
from various levels, indicating the presence of this fossil
group throughout most of the drilled section. In the res-
idue of the acid-treated Sample 591B-5,CC radiolarians
are rather common, but were not investigated in detail.

PALEOMAGNETISM

Preliminary NRM results were generally similar to those
from previous sites. Sedimentation rates are somewhat
higher than in nearby Site 590 and there was no evidence
of a viscous component of magnetization. A magnetic
polarity stratigraphy can be traced down to the end of
the Gilbert Chron which is reproduced in the Hole 591A.

Hole 591 was subsampled at three specimens per sec-
tion, Hole 591A at two specimens per section, and rota-
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ry-drilled Hole 591B at one specimen per section. Ap-
parent success rates with the Kuster orientation tool were
55 and 58% for Holes 591 and 591A. Laboratory NRM
measurements have been completed on three specimens
per section for the upper three cores from Holes 591 and
591A, and one specimen per section for the remaining
cores from these two holes. The mean hole statistics are:

Hole 591 Hole 591A
Geometric mean intensity (uG) 0.066 0.059
Scalar mean inclination (1 s5.d.) -—9.1 +£43.7° —-7.2 +44.0°
Axial dipole inclination -50.9
Mean angle between repeats 6.1° 67"

The ubiquitous and surficial high-intensity zone (1 to
10 xG) is almost completely confined to the first core in
each hole. From about 5-20 m sub-bottom depth inten-
sities are typically 0.1 pG and thereafter remain consis-
tently low (typically a few X 10-2 uG). There is a gen-
eral trend toward lower intensity with increasing depth.
High-intensity spikes noted in Hole 591 are listed in Ta-
ble 2.

The quality of the paleomagnetic record deteriorates
increasingly as a function of depth and cannot be inter-
preted in terms of polarities with any confidence below
about 110 m sub-bottom depth (the upper part of the
Gilbert Chron, about 3.5 m.y. ago). The polarity stra-
tigraphy for Hole 591 (Fig. 10) is duplicated in the adja-
cent HPC Hole 591A.

To assess the magnetic stability of these sediments,
partial AF demagnetization tests were run on seven spec-
imens from Hole 591 (Table 3). More strongly magnet-
ized specimens where chosen deliberately, because the
weaker ones rapidly became immeasurable when demag-
netized. The upper sediments which preserve a polarity
record give stable directions in fields up to at least 400
Oe (40 mT) and median destructive fields in the range
215to 310 Oe (21.5 to 31 mT). Lower in the section me-
dian destructive fields ranged from 120 to 155 Oe, and
directional stability was poorer—consistent directions were
observed up to peak AF’s of about 200 Oe. There was
no evidence for a soft viscous component in any of the
specimens, which agrees with the fact that the mean in-
clination for the section does not have a significant neg-
ative bias. Without a more extensive study it is not pos-
sible to establish the scale of any chemical overprinting:

Table 2. High-intensity spikes at

Site 591.

Sample Depth  Intensity
(level in cm) (m) (G)
591-1-2, 80 2.30 7.419
591A-4-5, 40 34.80 2.371
591-8-1, 80 61.80 0.586

591-12-6, 75 107.65 0.597
591A-12-6, 40  113.10 0.248
591A-15-3, 40 136.50 0.234
591-16-4, 75 142.15 0.210
591-16-5, 75 143,65 0.273
591A-19-2, 40 172.40 0.369
591-20-3, 75 178.05 0.187
591A-20-1, 40 180.40 0.896
591A-24-3, 40 221.10 0.122
591-28-4, 75 255.55 0.168
591-28-5, 75 257.05 0.170
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Figure 10. Magnetic polarity stratigraphy for the upper part of Hole
591.

Table 3. Summary of partial AF demagnetization results for
Hole 591.

Core-Section  Depth Jo MDF AF stability Inclination
(level in ¢cm) (m) (uG)2  (Oe)  range (Oe) variation

I-1, 25 0.25 5395 255 0-400 50
2-2, 125 6.15 1.544 310 0-400 +5°
31, 125 1425 0364 215 0-500 =6
0-200 +14°
3.4, 75 1825 0.191 120 [ i e
126,75 107.65 0.424 120 0-150 +13°
20-3, 75 178.05 0.179 155 0-300 +6°
28575  257.05 0.165 135 0-500 +25°

Naote: The range of demagnetizing field for a given range of inclination
variation is shown in the last two columns.
4 [nitial NRM intensity.

the present indication is that the remanence is essential-
ly single-component and sufficiently stable to preserve a
record of polarity reversals. Since measurements on the
very weakly magnetized material are reproducible, the
scatter in the data cannot be attributed predominantly
to instrumental noise.

SEDIMENTATION RATES

Sedimentation rates (Fig. 11) are based on calcareous
nannoplankton boundaries and their absolute ages, as
indicated in the Introduction. For better comparison,
intervals taken for calculating the sedimentation rates
are the same as for the previous sites.
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Figure 11. Sedimentation rates and datum levels in Holes 591 and 591B.

In the middle Miocene (Hole 591B, NN4 top to NN7
top), the sedimentation rate is based on four datum lev-
els and is 26.9 m/m.y. for indurated calcareous sediments
with minor siliceous constituents (Fig. 11B).

In the late middle Miocene to early Pliocene interval
(Hole 591B, NN7 top, to Hole 591, NN13 top), the sedi-
mentation rate is 23.2 m/m.y. and similar to that of the
middle Miocene (Fig. 11A, B). This rate is based on sev-
en datum levels.

Then a remarkable increase in the sedimentation rate
occurs in the late early to late Pliocene, similar to that
of Site 5§90. The sedimentation rate of calcareous sedi-
ments (foraminifer-bearing nannofossil ooze) for the en-
tire interval between NN13 top and NNI8 top in Hole
591 is 61.8 m/m.y., and is based on six datum levels.
The strongest increase is found during deposition of Zones
NN14 and NN15 (between 4.1 and 3.5 m.y. ago), where
it increases to 131.3 m/m.y. In the late Pliocene (Hole
591, NNI15 top to NNI18 top), the sedimentation rate
slows to 33.5 m/m.y. (Fig. 11A).
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In the Quaternary (Hole 591, above NN18 top) the
sedimentation rate drops further to a value of 27.1 m/
m.y., which, however, is well above the 17.2 m/m.y. at
Site 590.

SUMMARY AND CONCLUSIONS

Site 591 lies near the crest of a southern spur of the
eastern part of the Lord Howe Rise at 31°35.06'S,
164°26.92'E and at a water depth of 2131 m. The spur
extends outward into the New Caledonia Basin and is
surrounded by turbidite fill to the east and south. The
western edge of the spur is, in its norther part, separated
from the main part of Lord Howe Rise by a valley that
slopes southward, leading toward a ponded turbidite se-
quence which slopes toward the level of New Caledonia
Basin. Thus the crest of the spur on which Site 591 is lo-
cated is largely isolated from any influences of sediment
transportation from the main part of Lord Howe Rise.
The seismic profile exhibits a relatively simple transpar-
ent layer about 520 m thick above a distinct reflector



which is considered to represent the regional unconform-
ity associated with the Eocene/Oligocene boundary.

Site 591 was selected to provide a Neogene-late Pa-
leogene stratigraphic succession at water depths inter-
mediate (about 2200 m) between Site 590 (1299 m) and
Site 206 (3196 m). A site at this intermediate depth was
required to study changes in the vertical water mass struc-
ture of the southwest Pacific Ocean during the Neogene.
These three sites, in combination, will provide an op-
portunity to carry out detailed studies of changes in the
intermediate water masses between 1000 and 3000 m wa-
ter depth. Site 591 is located midway between Sites 590
and 206, providing a compact suite of sites. Northward
movement of the Indo-Australian Plate has carried Site
591 about 4-5° of latitude from about 35°S in the early
Miocene to its present-day position near 31°30’S. Thus
the Neogene sedimentary history at this site has been re-
lated in part to its northward movement away from the
temperate region and the zone of westerly winds.

Site 591 consists of three holes: Hole 591 was contin-
uously cored with the HPC from 0-283.1 m sub-bot-
tom; Hole 591A was continuously cored with the HPC
from 0-246.5 m and rotary cored with the XCB from
246.5-284.6 m; and Hole 591B was continuously cored
using conventional rotary coring from 270.6-500.4 m
sub-bottom. Cores recovered with the first HPC are rel-
atively undisturbed; those using the second HPC are
slightly more disturbed because of rough sea conditions.
The cores recovered using conventional rotary coring ex-
hibit mixed quality; quite disturbed in the upper part of
the section although recovery was high; moderate recov-
ery in the middle part of the sequence; and good quality
cores with moderarte to low recovery rates in the lowest
part of the sequence. The extended core barrel did not
function successfully at this site.

The sequence is made up of one lithostratigraphic unit
represented mostly by foraminifer-bearing nannofossil
ooze or foraminifer-rich nannofossil ooze. Site 591 is a
continuous sequence from the late early Miocene (17 m.y.)
to the Quaternary. The HPC part of the sequence is
complete from early late Miocene (11 m.y.) to the Qua-
ternary. The biostratigraphy is complete with no appar-
ent hiatuses. A paleomagnetic polarity stratigraphy has
been identified down to the late Gilbert Chron (about
3.5 m.y.). Like Site 590, this site exhibits high sedimen-
tation rates (uncorrected) ranging from 23 m/m.y. to
131 m/m.y.

Biosiliceous components are occasionally present in
trace amounts, and exhibit slightly higher abundances
in the early Miocene to early late Miocene. Siliceous com-
ponents consist mainly of fragments of radiolarians, dia-
toms, and sponge spicules, and silicoflagellates appear
in the latest Miocene (Cores 591-21 and 591A-23).

Nonbiogenic components comprise only a very small
proportion of the sediment. Micritic carbonate signifi-
cantly increases near the bottom of the section in the
early and early middle Miocene. In the middle middle
Miocene, trace quantities of clear volcanic glass occur
throughout the sequence. Ash layers are present at cer-
tain intervals as well as very common light greenish gray
laminae which possibly represent devitrified layers of vol-

SITE 591

canic ash. These laminae are commonly associated with
underlying gray laminae of iron sulfides.

The sequence at Site 591 is divided into three sub-
units based on color, on the relative abundance of fora-
minifers and calcareous nannofossils and on the degree
of lithification (Fig. 12).

Subunit IA extends from the seafloor to 0.62 m sub-
bottom in Hole 591 and to 0.50 m in Hole 591A. This
subunit is late(?) Quaternary in age. The sediment is yel-
lowish gray to pale yellowish brown and consists of a
foraminifer-bearing nannofossil ooze. Subunit IA corre-
sponds to the zone of oxidation which was found in all
of our sites.

Subunit IB extends from the base of the oxidized lay-
er to 289.8 m sub-bottom (Quaternary to upper Mio-
cene). The sediments, light gray in color, range from a
foraminifer-bearing nannofossil ooze to a nannofossil
ooze. Frequent greenish gray levels occur within this sub-
unit, which contain slightly more foraminifers than the
dominant light gray oozes.

Subunit IC extends from 289.8 m sub-bottom to the
bottom of Hole 591B (500.4 m sub-bottom). This sub-
unit is upper Miocene to lower Miocene in age. The sed-
iments, very light gray to light greenish gray, range from
a foraminifer-bearing nannofossil chalk to a nannofossil
chalk. Clear recrystallization occurs below 300 m. Sedi-
ment becomes very hard and recrystallization is wide-
spread below 452 m (earliest middle Miocene).

Diagenetic alteration of the microfossil sequence ap-
pears at Site 591 in younger sediments than at Site 590,
because of the higher sedimentation rates at Site 591.
Foraminifer recrystallization is already well advanced by
the early middle Miocene, and calcareous nannofossils
exhibit signs of overgrowths by the early Pliocene. The
higher rates of sedimentation at Site 591 have allowed
finer stratigraphic resolution than at Site 590. The plank-
tonic faunas are identical to those from nearby Site 590;
however, three biostratigraphic zones not recognized at
Site 590 were recovered at Site 591. These are the early
Pliocene Globorotalia sphericomiozea Zone, the Orbu-
lina suturalis Zone of the early middle Miocene, and the
Praeorbulina glomerosa curva Zone of the early Mio-
cene. The presence of these relatively thin zones is at-
tributed to very high sedimentation rates at Site 591.

Radiolarians, diatoms, and silicoflagellates were pres-
ent but uncommon in most cores throughout the sec-
tion. They are common in the coarse fractions of sedi-
ments younger than early middle Miocene. The greater
water depth of Site 591 somehow favors the preservation
of some of the siliceous biogenic fraction compared with
the nearby, shallower-water Site 590, which has almost
no siliceous biogenic components. A number of evolu-
tionary sequences within the planktonic foraminifers
are clearly exhibited in this expanded sequence which, in
general, provides excellent opportunities for high-reso-
lution microfossil and stable isotopic work, particularly
in the well-preserved upper Miocene through Quater-
nary section.

Site 591 is intermediate in its vertical depth profile
(2131 m) between Sites 590 and 206; thus the benthic
foraminifers are of considerable interest. Benthic fora-
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miniferal faunas are well preserved from the Quaternary
through the late Miocene; earlier than that, faunas are
impoverished; in the middle Miocene, recrystallization of
the individuals increases and by the early Miocene few,
if any, forms could be recognized because of the recrys-
tallization and cementation. The benthic faunas contain
many of the same species found at Site 590; however,
some important differences reflect distinct paleoceano-
graphic histories at these different water depths. The pa-
leoceanographic changes include both upward and down-
ward migration of some benthic foraminifers. Assem-
blages typical of upwelling zones appear in the middle
Miocene.

Site 591 exhibits a valuable tephrochronology based
on many layers and laminae which are inferred to be al-
tered volcanic ash layers. These are compiled in Figure 4
for each of the three holes. Figure 4B shows a compila-
tion for all Site 591 holes and also provides average ash
layer densities per unit of core. These data clearly show
that there have been a number of episodes of volcanic
explosivity separated by more quiescent intervals. Inter-
vals of more active volcanism are as follows: 17-14 m.y.,
latest early Miocene to middle Miocene; 10.5-9 m.y.,
early late Miocene; 5.4-4 m.y., latest Miocene to early
Pliocene; 1.8-0.5 m.y., early to middle Quaternary.

Middle Miocene volcanic explosivity may be more ex-
tensive, but this is difficult to determine because of poor
core recovery throughout this interval. The episodes of
increased explosive volcanicity are separated by periods
of relative quiescence, which include much of the Plio-
cene and late Miocene. This history is similar to that
compiled by Kennett et al. (1977) for the southwest Pa-
cific region and is also similar to the trends exhibited in
a global compilation.

Paleoenvironmental History of Site 591

The Neogene sediments at Site 591 were deposited in
a paleoenvironmental setting similar to that of nearby
Site 590. Both of these sites exhibit similar stratigraphic
records and paleoenvironmental histories. However, the
greater water depth of Site 591 and its location upon an
isolated spur of Lord Howe Rise have created a number
of important paleoceanographic differences, especially
in the intermediate waters.

During the late early to middle Miocene, the site was
located about 4 to 5° of latitude further south than its
present-day position near 31°35’S. This would have
placed it within the zone of westerly winds and in tem-
perate latitudes, a reconstruction which is supported by
the distinctly temperate planktonic foraminifer assem-
blages in the early Neogene. Foraminifer-bearing nan-
nofossil oozes were laid down during this time interval
as well as in the early late Miocene. During the early
middle to early late Miocene, siliceous biogenic materi-
als were preserved in the sequence, although they are
fairly uncommon. At other times they are much less
common. Their increased abundance during the interval
must reflect decreased dissolution. Sedimentation rates
were moderately high during the late early to middle Mi-
ocene, with values of between 23 and 27 m/m.y.

SITE 591

Explosive volcanicity seems to have been quite intense
in the source region between 17 and 14 m.y. ago, judg-
ing from the large number of volcanic ash layers. This
episode of increased volcanicity may have continued
through the middle Miocene, but poor core recovery
prevented comparable analysis.

During the late middle Miocene, a number of new
benthic foraminiferal species appeared, heralding impor-
tant changes in bottom waters at this site. These changes
occurred later than the well-known earlier middle Mio-
cene changes known from other areas (Woodruff et al.,
1981) that have been linked to bottom-water changes that
took place during the accumulation of the east Antarc-
tic ice sheet.

During the early late Miocene, the mode of sedimen-
tation changed to more pure nannofossil oozes, which
lasted until the mid-early Pliocene. Rates of sedimenta-
tion remained much the same at about 23 m/m.y.

The benthic foraminifer assemblages show important
changes in the early late Miocene when miliolids be-
come more important. they showed further change dur-
ing the latest Miocene, when the assemblage became
dominated by dissolution-resistant forms. This low-di-
versity assemblage heralds further important changes in
the character of the bottom waters; it is associated with
increased global glaciation. This represents the time of
the Messinian “salinity crisis” of the Mediterranean Ba-
sin. The latest Miocene planktonic foraminiferal assem-
blages at Site 591 are typically cool, as they are also at
Site 590. More foraminifer-rich sediments were laid down
during a number of brief intervals during the latest Mio-
cene, perhaps reflecting greater winnowing activity of
bottom currents.

In this region the late Miocene is bracketed near the
beginning and end with episodes of increased explosive
volcanicity. These occur at about 10.5 to 9 and 5.4 to
4 m.y. ago, respectively. These episodes are separated by
an especially quiescent period.

The beginning of the Pliocene is marked by a return
of warmer-water planktonic foraminiferal assemblages.
By the middle early Pliocene, sediment deposition again
changed from rather pure nannofossil ooze to foramini-
fer-bearing nannofossil oozes. At the same time, there
occurred a remarkable increase in sedimentation rates to
131 m/m.y. during the interval between 4 and 3.5 m.y.
This increase almost certainly is created by an important
increase in biogenic productivity. Explosive volcanic ac-
tivity seem to have been relatively quiet during this in-
terval, although the extremely high biogenic sedimenta-
tion rates may have masked any such activity.

During the late Pliocene, sedimentation rates de-
creased markedly to a still high rate of 33 m/m.y. This
does not seem to coincide with any distinct change in
the lithofacies. Explosive volcanism remained quiescent.
As at all other sites, the benthic foraminiferal assem-
blages at Site 591 changed during the late Pliocene, when
forms were reintroduced that had occurred through the
Miocene. The earliest of these events were associated
with global climatic changes about 3 m.y. ago related to
major global climate cooling. Further and more impor-
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tant changes occurred later in the late Pliocene, proba-
bly in response to the initiation of Northern Hemisphere
ice-sheet formation.

By the Quaternary, rates of sedimentation had fur-
ther decreased to 27 m/m.y. Explosive volcanic activity
was further renewed at this site in the Quaternary, as in
many other circum-Pacific area.

As at other sites cored during Leg 90, the youngest
sediments form an oxidized veneer at and close to the
ocean floor.

The sedimentation rates calculated for Site 591 are
mostly rather normal for carbonate biogenic oozes in
shallow waters. The Pliocene rates of 131 m/m.y. are,
however, extremely high and unexpected. High rates (57
m/m.y.) also mark the Pliocene of Site 590. We consider
that these high rates are due to high productivity of cal-
careous biogenic material, a phenomenon now known
in the late Neogene at three sites in this area (590, 591,
and 206). It is possible that increased biogenic produc-
tivity is related to the poorly known Subtropical Diver-
gence that crosses the Tasman Sea at the latitude of
these three sites. Rates are much lower at the sites drilled
to the north of Lord Howe Rise (Site 588) and to the
south (Site 592). However, high rates have also been re-
peated for the Pliocene (early Pliocene, 40 m/m.y.; late
Pliocene, 51 m/m.y.) of Site 289 on the Ontong-Java
Plateau (Andrews, Packham, et al., 1975). We have now
dismissed the possibility that the high sedimentation rates
in the Pliocene are due to secondary reworking of mate-
rial from elsewhere. This is due to the isolated location
of Site 591 near the crest of a spur of Lord Howe Rise
and to an absence of any clearly reworked material in
the section.
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= 2
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L4 3 F 2
12|82 E = ) e LITHOLOGIC DESCRIPTION L EHHE i 8| & GRAPHIC
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£ 3 w "
AL £1h SaHHHANEE i
s [8|=]|z2]3 FEEH I T § 1 FF
] ] I 1 o S =
5 -I-A_-I-.-L + =5 W0YR&Z -
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05— fertnd T+ [~roves yellowish brown [10YR 6/4), seht, intensely bioturbated, - and light gray (N7}, soft, stresks of medsum dark gray (N4)
== | with bioturbated interbed of dark yellowish beown {10YR e =T ] Iron wifides throughout. Several thin zones of ash(?),
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SITE 581  HOLE A CORE 3 CORED INTERVA 18.8-284 m SITE 581  HOLE A CORE 4 CORED INTERVAL _ 284-380m
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SITE 591  HOLE A CORE_§ CORED INTERVAL 38.0-47.6m
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SITE 581 HOLE A CORE 6 CORED INTERVAL 47.6-57.2m
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161.0-170.5 m

LITHOLDGIC DESCRIFTION

Eo

3,80 5,52
L

D
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280.2-289.8 m

LITHOLOGIC DESCRIFTION

wneous with o few stieaks of medium dask gray [N4)
bron awifide. Severe drilling disturbance below Section 3
Small nodule of CHERT, light gray (N7) st Section 5,

NANNOFOSSIL OOZE, wery light gray (N8, firm, homo
145 em — working hatf.
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LITHOLOGIC DESCRIPTION
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