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Background and objectives

International Ocean Discovery Program (IODP) Site U1509

Figure F1. Regional bathymetry, seismic reflection lines, and boreholes near
Site U1509. Stars = Expedition 371 sites, white dots = petroleum borehole
sites, gray dots = DSDP sites.

(34°39.13'S, 165°49.66E; 2911 m water depth) lies ~640 km west of
the northern tip of New Zealand, ~300 km south of Deep Sea Drill-

ing Project (DSDP) Site 206, and ~200 km north of DSDP Site 592
(Figure F1). It is located on the western margin of New Caledonia
Trough (NCT) at the base of the Lord Howe Rise slope, near the
mouth of a canyon that drains northeast around the end of a small
spur (Figure F2). Site U1509 was chosen to determine the timing of
Cenozoic folding in the southern NCT and to constrain the timing
of vertical tectonic movements and volcanism. In particular, the site
was chosen to test alternate hypotheses for the relative magnitudes
of Cretaceous versus Eocene subsidence in the region (Baur et al.,
2014; Sutherland et al., 2010).

The sedimentary sequence at the southern end of NCT is con-
tiguous with that in Taranaki Basin, where flat-lying (undeformed)
strata overlie a Cretaceous rift sequence in most places (Uruski and
Wood, 1991). Samples dredged from West Norfolk Ridge and Wan-
ganella Ridge (Figure F1) include Cretaceous (~95-86 Ma) terres-
trial arkosic sandstone containing coal and silicic volcanic

fragments and Cretaceous (~86—-66 Ma) upper bathyal (400-600 m
water depth) sandstone and mudstone containing carbonaceous de-
bris (Browne et al., 2016; Herzer et al., 1997, 1999). Mapping of seis- 6000
mic reflectors tied to petroleum wells in Taranaki Basin shows that
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similar facies and a relict Cretaceous to Eocene shelf-edge morphol-
ogy is buried across a large area (50,000 km?) of southern NCT
(Baur et al., 2014).

Of particular relevance to Expedition 371 are observations such
as a buried shelf edge that suggest anomalously large tectonic sub-
sidence (>2 km) since the Eocene in southern NCT and, moreover,
that such subsidence was rapid and approximately coincided with
local folding and reverse faulting (Tectonic Event of the Cenozoic in

Figure F2. Bathymetry, seismic reflection lines, and dredge locations
(Browne et al., 2016) near Site U1509.
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the Tasman Area [TECTA]) (Baur et al., 2014; Sutherland et al,,
2017, 2010). The spur on which Site U1509 is located is inferred to
have been created by TECTA deformation and is underlain by the
northeast-dipping limb of a west-verging fold (Figures F2, F3). Pa-
leocene bathyal claystone and late Oligocene (~25 Ma) basaltic vol-
canic material were dredged from the eastern edge of a canyon that
appears to have been diverted by growth of the fold (Browne et al.,
2016; Mortimer et al., 2018). The Paleocene claystone is early Teur-
ian (Danian) in age (dinoflagellate Zones NZDP1-NZDP2) based
on the presence of Trithyrodinium evittii and Palaeoperidinium py-
rophorum and the absence of Alterbidinium pentaradiatum
(Browne et al., 2016).

Four seismic units were identified in the vicinity of Site U1509
(Figures F3, F4, F5) (Etienne et al., 2018). The upper unit found be-
neath the axis of NCT (seismic Unit 1al) comprises continuous par-
allel reflectors with moderate or high amplitude that onlap the basin
margin and are interpreted to be turbidites. Seismic Unit 1al was
drilled at Site 206 and is composed of clay-bearing nannofossil ooze
of Oligocene to recent age (Shipboard Scientific Party, 1973). Seis-
mic Unit 1a2 is the upper unit beneath the spur and is composed of
moderate- or low-amplitude reflectors that have relatively complex
geometries, including wavy geometries with a stacking pattern sug-
gesting upslope-migrating bedforms. Seismic Unit 1a2 is inter-
preted to be a pelagic or hemipelagic unit that is time equivalent to
the basin fill sequence, particularly the basal part of seismic Unit
lal, and has been winnowed by bottom currents (Etienne et al.,
2018).

Seismic Unit 1b1 comprises high-amplitude, discontinuous re-
flectors with complex geometries that occur in packets, in some
places with downlap relationships. The unit thins dramatically away
from the mouth of the canyon, appears to be locally deformed and
tilted, and truncates reflectors of seismic Unit 2, below. The upper
surface of seismic Unit 1b is marked as a downward transition to

Figure F3. Seismic reflection Line 114-04 near Site U1509 (after Etienne et al., 2018). Regional seismic unit and reflector nomenclature (Units 1a, 1b, 2, and 3 and
Unconformities RU1 and RU2) following Bache et al. (2014). LHR = Lord Howe Rise, WNR = West Norfolk Ridge. Star = approximate projected dredge location
that yielded early Paleocene marine mudstone (Browne et al.,, 2016). CDP = common depth point, VE = vertical exaggeration.
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Site U1509

Figure F4. (A) Seismic reflection Line TAN1409_NCTS_07 at Site U1509 and (B) interpretation of seismic units (circles) (after Etienne et al., 2018). HAR = high-

amplitude reflector.
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Figure F5. Seismic reflection Line TAN1409_NCTS_02 at Site U1509 and identification of drilled Reflectors A-F.
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higher amplitudes and is not a discrete reflector in most places.
Seismic Unit 2 comprises moderate-amplitude, parallel reflectors
with moderate or high continuity. This unit correlates with strata
that crop out in the canyon, from which samples of early Paleocene
mudstone were dredged (Browne et al., 2016).

The drilling objectives at Site U1509 were to sample the se-
quence of seismic Units 1a2-2 in a location with a relatively ex-

IODP Proceedings

panded seismic Unit 1b and minimal burial by seismic Unit 1a2.
The predrilling working hypothesis was that high-amplitude, cha-
otic reflectors of seismic Unit 1b represented a syntectonic
(TECTA) unit that contained material derived from the local can-
yon and was subsequently uplifted by folding.
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Operations

Hole locations, water depths, and the number of cores recov-
ered are listed in Table T1. All times are local ship time (UTC + 11
h).

We arrived at Site U1509 at 0630 h on 2 September 2017, com-
pleting a 273 nmi transit from Site U1508. After lowering thrusters
and hydrophones and establishing dynamic positioning, the rig
floor was cleared for operations at 0700 h. While the rotary core
barrel (RCB) bottom-hole assembly was being assembled, a seafloor
positioning beacon was deployed. The drill string was deployed to
just above the seafloor, and the top drive was engaged. A “wiper pig”
was pumped through the drill pipe in an attempt to remove exces-
sive rust observed during drill string assembly.

Given lost time at Site U1508, success with rotary drilling, and
the primary objectives for Site U1509, rotary coring was deemed the
best option. Coring in Hole U1509A began at 1825 h on 2 Septem-
ber and continued until 2345 h on 6 September to a total depth of
690.7 m drilling depth below seafloor (DSF) (Core 74R). The hole
was cleaned with 10-15 bbl mud sweeps, which were pumped on

Site U1509

every third core for Cores 9R through 49R. Starting with Core 50R,
the frequency and volume of mud sweeps were increased to every
other core and 20-25 bbl, respectively. Total recovery in Hole
U1509A was 462.86 m (67%).

In preparation for logging, Hole U1509A was cleaned with a 30
bbl high-viscosity mud sweep. The rotary shifting tool (RST) was
deployed to trigger the mechanical bit release (MBR) and drop the
bit at the bottom of the hole (0015 h on 7 September). The reverse
RST was deployed to shift the MBR sleeve back into the circulation
position (0145 h). Next, the hole was displaced with 214 bbl of 10.5
Ib/gal mud, the top drive was set back, and the drill string was
pulled back to the logging depth of 81 m (0530 h). The modified tri-
ple combo logging tool string was rigged up when at 0645 h the op-
erational decision was made to stop logging operations based on
ship heave exceeding 3.0 m. The drill string was retrieved, and the
rig was secured for transit by 1434 h, ending Hole U1509A and Site
U1509. A total of 127.5 h or 5.3 days were spent on Hole U1509A.
After recovering the seafloor positioning beacon and retrieving po-
sitioning thrusters and hydrophones at 1630 h on 7 September, the
ship began a ~200 nmi transit north to a waiting on weather loca-

Table T1. Core summary, Site U1509. DRF = drilling depth below rig floor, DSF = drilling depth below seafloor, CSF-A = core depth below seafloor, Method A.
Seafloor depth estimate method: TAGGED = drill string length from rig floor at the time the driller feels resistance from the bit tagging the seafloor. R = rotary

core barrel (RCB). (Continued on next page.) Download table in CSV format.

Hole U1509A
Latitude: 34°39.1312’S
Longitude: 165°49.6599'E
Water depth (m): 2911
Date started (UTC): 2000 h; 1 September 2017
Date finished (UTC): 0334 h; 7 September 2017
Time on hole (days): 5.2
Seafloor depth DRF (m): 2922.1
Seafloor depth est. method: TAGGED
Rig floor to sea level (m): 11.2
Penetration DSF (m): 690.7
Cored interval (m): 690.7
Recovered length (m): 462.84
Recovery (%): 67
Total cores (no.): 74
RCB cores (no.): 74

Topdepth Bottomdepth Interval Recovered Curated Topdepth Bottom depth Core  Coreondeck Coreondeck
drilled drilled advanced length length cored recovered recovery date time UTC  Sections
Core  DSF(m) DSF (m) (m) (m) (m) CSF-A (m) CSF-A (m) (%) (2017) (h) (N)
371-U1509A-
1R 0.0 0.1 0.1 0.10 0.10 0.0 0.10 100 2Sep 1110 1
2R 0.1 9.8 9.7 1.16 1.16 0.1 1.26 12 2Sep 1155 2
3R 9.8 19.4 9.6 0.79 0.79 9.8 10.59 8 2Sep 1235 2
4R 19.4 29.1 9.7 3.06 3.06 19.4 2246 32 2Sep 1320 3
5R 29.1 38.7 9.6 4.94 4.94 29.1 34.04 51 2Sep 1405 5
6R 387 484 9.7 0.10 0.10 387 38.80 1 2Sep 1450 1
7R 48.4 58.1 9.7 5.13 5.13 48.4 53.53 53 2Sep 1540 5
8R 58.1 67.8 9.7 3.68 3.68 58.1 61.78 38 2Sep 1630 4
9R 67.8 77.5 9.7 5.00 5.00 67.8 72.80 52 2Sep 1720 5
10R 775 87.2 9.7 5.02 5.02 775 82.52 52 2Sep 1810 5
11R 87.2 96.8 9.6 298 298 87.2 90.18 31 2Sep 1850 3
12R 96.8 106.3 9.5 8.31 8.31 96.8 105.11 87 2Sep 1940 7
13R 106.3 115.8 9.5 8.43 8.43 106.3 114.73 89 2Sep 2030 7
14R 115.8 125.4 9.6 6.50 6.50 115.8 122.30 68 2Sep 2120 6
15R 1254 135.0 9.6 9.82 9.82 1254 135.22 102 2Sep 2210 8
16R 135.0 144.6 9.6 9.01 9.01 135.0 144.01 94 2Sep 2300 7
17R 144.6 154.1 9.5 4.77 4.77 144.6 149.37 50 2 Sep 2355 5
18R 154.1 163.8 9.7 8.24 8.24 154.1 162.34 85 3Sep 0045 7
19R 163.8 1734 9.6 2.96 2.96 163.8 166.76 31 3Sep 0135 3
20R 173.4 183.0 9.6 5.15 5.15 1734 178.55 54 3Sep 0235 5
21R 183.0 192.6 9.6 3.44 3.44 183.0 186.44 36 3Sep 0320 4
22R 192.6 202.1 9.5 3.93 3.93 192.6 196.53 41 3Sep 0410 4
IODP Proceedings 4 Volume 371
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Table T1 (continued).

Site U1509

Topdepth Bottomdepth Interval Recovered Curated Topdepth Bottom depth Core  Coreondeck Coreondeck
drilled drilled advanced length length cored recovered recovery date time UTC  Sections

Core  DSF(m) DSF (m) (m) (m) (m) CSF-A (m) CSF-A (m) (%) (2017) (h) (N)
23R 202.1 206.7 4.6 3.1 3.1 202.1 205.21 68 3Sep 0455 3
24R 206.7 211.7 5.0 4.32 4.20 206.7 210.90 86 3Sep 0535 4
25R 2117 2213 9.6 2.28 2.28 211.7 213.98 24 3Sep 0625 3
26R 2213 230.9 9.6 9.58 9.58 2213 230.88 100 3Sep 0715 9
27R 2309 240.5 9.6 4.08 4.08 2309 234.98 43 3Sep 0810 4
28R 240.5 250.1 9.6 8.18 8.18 240.5 248.68 85 3Sep 0855 7
29R 250.1 259.7 9.6 9.93 9.93 250.1 260.03 103 3Sep 0945 8
30R 259.7 269.3 9.6 7.76 7.76 259.7 267.46 81 3Sep 1030 7
31R 269.3 2789 9.6 9.60 9.60 269.3 278.90 100 3Sep 1120 8
32R 278.9 288.5 9.6 9.91 9.91 278.9 288.81 103 3Sep 1210 8
33R 2885 298.1 9.6 9.96 9.96 288.5 298.46 104 3Sep 1255 8
34R 298.1 307.7 9.6 6.89 6.89 298.1 304.99 72 3Sep 1400 6
35R 307.7 317.3 9.6 6.27 6.27 307.7 313.97 65 3Sep 1505 6
36R 317.3 326.9 9.6 8.90 8.90 3173 326.20 93 3Sep 1600 7
37R 3269 336.5 9.6 9.80 9.80 3269 336.70 102 3Sep 1705 8
38R 336.5 346.1 9.6 7.7 7.7 336.5 343.67 75 3Sep 1800 6
39R 346.1 355.6 9.5 10.01 10.01 346.1 356.11 105 3Sep 1850 8
40R 355.6 365.2 9.6 6.26 6.26 355.6 361.86 65 3Sep 1950 6
41R 365.2 3747 9.5 5.86 5.86 365.2 371.06 62 3Sep 2055 5
42R 3747 384.3 9.6 6.93 6.93 374.7 381.63 72 3Sep 2155 6
43R 384.3 393.9 9.6 8.78 8.78 384.3 393.08 91 3Sep 2330 8
44R 393.9 403.4 9.5 4.27 4.27 393.9 398.17 45 4 Sep 0140 4
45R 403.4 4129 9.5 3.74 3.74 403.4 407.14 39 4 Sep 0350 4
46R 412.9 4225 9.6 5.68 5.68 4129 418.58 59 4 Sep 0615 5
47R 4225 4321 9.6 293 293 4225 425.43 31 4 Sep 0755 4
48R 4321 441.7 9.6 4.19 4.19 432.1 436.29 44 4 Sep 0950 4
49R 441.7 451.3 9.6 9.00 9.00 441.7 450.70 94 4 Sep 1150 7
50R 4513 460.9 9.6 8.02 8.02 451.3 459.32 84 4 Sep 1335 7
51R 460.9 470.5 9.6 3.60 3.60 460.9 464.50 38 4 Sep 1540 4
52R 470.5 480.0 9.5 9.15 9.15 470.5 479.65 96 4 Sep 1730 8
53R 480.0 489.6 9.6 6.59 6.59 480.0 486.59 69 4 Sep 1930 6
54R 489.6 499.2 9.6 4.36 4.36 489.6 493.96 45 4 Sep 2120 4
55R 499.2 508.8 9.6 2.69 2.69 499.2 501.89 28 4 Sep 2310 3
56R 508.8 5184 9.6 8.47 8.47 508.8 517.27 88 5Sep 0105 7
57R 5184 528.0 9.6 8.20 8.20 518.4 526.60 85 5Sep 0245 7
58R 528.0 537.6 9.6 8.06 8.06 528.0 536.06 84 5Sep 0435 7
59R 537.6 547.2 9.6 6.04 6.04 537.6 543.64 63 5Sep 0615 6
60R 547.2 556.8 9.6 8.62 8.62 547.2 555.82 90 5Sep 0805 7
61R 556.8 566.3 9.5 7.74 7.74 556.8 564.54 81 5Sep 1010 7
62R 566.3 575.8 9.5 6.67 6.67 566.3 572.97 70 5Sep 1150 6
63R 575.8 585.3 9.5 9.21 9.21 575.8 585.01 97 5Sep 1345 8
64R 585.3 594.9 9.6 8.58 8.58 585.3 593.88 89 5Sep 1540 8
65R 594.9 604.5 9.6 9.94 9.94 594.9 604.84 104 5Sep 1750 8
66R 604.5 614.1 9.6 4.82 4.82 604.5 609.32 50 5Sep 1950 5
67R 614.1 623.7 9.6 3.53 3.53 614.1 617.63 37 5Sep 2205 4
68R 623.7 633.4 9.7 2.54 2.54 623.7 626.24 26 5Sep 2355 3
69R 633.4 643.0 9.6 3.19 3.19 633.4 636.59 33 6 Sep 0240 4
70R 643.0 652.5 9.5 10.06 10.06 643.0 653.06 106 6 Sep 0440 8
71R 652.5 662.1 9.6 791 7.91 652.5 660.41 82 6 Sep 0635 7
72R 662.1 671.7 9.6 9.34 9.34 662.1 671.44 97 6 Sep 0830 8
73R 671.7 681.2 9.5 9.13 9.13 671.7 680.83 96 6 Sep 1025 8
74R 681.2 690.7 9.5 8.47 8.47 681.2 689.67 89 6 Sep 1245 7

Site U1509 totals:  690.7 462.84 462.72 419

tion to avoid severe weather forecasted for 9-10 September at the
remaining two proposed drilling sites.

Lithostratigraphy

The sedimentary sequence at Site U1509 consists of ~415 m of
Pleistocene to upper Paleocene calcareous ooze, chalk, and lime-
stone (lithostratigraphic Unit I; Figure F6) overlying ~275 m of Pa-
leocene to Upper Cretaceous claystone (lithostratigraphic Unit II).
Sediments and rocks in these two units are divided into subunits
based on differences in lithology and sedimentological features

IODP Proceedings

identified by macroscopic and microscopic (smear slide, thin sec-
tion, and scanning electron microscope studies) core descriptions
(Table T2; Figures F6, F7).

Lithostratigraphic Unit I is divided into three subunits. Subunit
Ia consists of Pleistocene to upper Oligocene calcareous ooze and
chalk with rare tuffaceous beds. Subunit Ib comprises upper to
lower Oligocene calcareous chalk with a composition similar to that
of Subunit Ia but with significant synsedimentary deformation (i.e.,
slumps). Subunit Ic consists of lower Oligocene to upper Paleocene
calcareous chalk and limestone with biosilica and chert. At ~387 m,
the lithology changes downhole from chalk to limestone, and a het-
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Site U1509

Figure F6. Lithostratigraphic summary of sedimentary section, Site U1509. cps = counts per second.
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erogeneous succession of limestone, calcareous claystone with silt,
and clayey limestone lies between ~387 and 415 m. Rare chert beds
and chert nodules are present in this interval. This succession,
forming the lower ~30 m of Subunit Ic, apparently represents dis-
continuous intervals spanning from the middle Eocene to upper Pa-
leocene (see Biostratigraphy and paleoenvironment). Subunit Ic
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exhibits consistently tilted bedding (average apparent dip of 22° on
randomly split section half surfaces) in places accompanied by frac-
tures, stepped microfaults, and shear zones.

Lithostratigraphic Unit II is divided into two subunits. Subunit
IIa consists of Paleocene massive to laminated calcareous claystone
with varying amounts of other siliciclastic (silt-sized quartz and
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Site U1509

Table T2. Lithostratigraphic units of the sedimentary section, Site U1509. BOH = bottom of hole. Download table in CSV format.

Lith.  Depth CSF-A  Thickness
unit (m) (m) Interval Lithology Stage
371-U1509A-
la 0.00-99.60 99.60 2R-CC,0cm, to 12R-2,130cm Calcareous ooze and chalk with rare tuffaceous beds Pleistocene to upper Oligocene
Ib 99.60-139.28 39.68 12R-2,130 cm, to 16R-3, 128 cm Slumped calcareous chalk upper to lower Oligocene
Ic 139.28-414.57 275.29 16R-3, 128 cm, to 46R-2, 34 cm Calcareous chalk and limestone with biosilicaand chert  lower Oligocene to upper Paleocene
lla 414.57-614.20 199.63 46R-2,34 cm,to 67R-1,10cm Calcareous claystone Paleocene
b 614.20-689.68 75.48 67R-1,10 cm, to 74R-CC, 10 cm (BOH)  Claystone Upper Cretaceous

feldspar) and calcareous (predominantly nannofossils and less com-
monly foraminifers) components. Subunit IIb consists of Upper
Cretaceous massive dark grayish brown claystone with very low car-
bonate content (see Geochemistry). Like Subunit Ic, tilted bedding
was consistently observed throughout Unit II (average apparent dip
of 20° on randomly split section half surfaces) and often revealed by
planar laminations and bioturbation fabrics.

RCB drilling imparted soupy and mousse-like drilling distur-
bance in soft sediments in the upper ~50 m and biscuits, horizontal
cracks, and fracturing in the more compacted sediments and rocks
below. From Subunit Ic downward, cores are fractured along bed-
ding planes or microfaults and shear bands.

Unit |

Lithostratigraphic Unit I consists of ~415 m of relatively homo-
geneous Pleistocene to upper Paleocene calcareous ooze, chalk, and
limestone. Some intervals contain siliceous microfossils or chert.
Three subunits (Ia, Ib, and Ic; Table T2; Figure F6) were defined in
this unit based on the relative proportion and vertical distribution
of macroscopic and microscopic components and on the occur-
rence of a discrete slumped interval that separates subhorizontal
strata from tilted strata.

Subunit la

Subunit Ia consists of ~100 m of Pliocene to upper Oligocene
calcareous sediments dominated by white to light greenish gray
(predominantly N 8.5 to GLEY 1 8/5GY) nannofossil ooze and
chalk with varying foraminifer abundance (Figure F8A). Gray
(GLEY 1 6/N) blebs, likely representing pyritized burrows, are com-
mon. From Section 371-U1509A-7R-3 (~51 m) downhole, scattered
green mineral grains and pale green laminae were observed (Figure
F8B). Rare sponge spicules and radiolarians were observed below
Section 10R-1 (77.5 m). Bioturbation remains slight to moderate
throughout the subunit and is dominated by Planolites, Zoophycos,
and Nereites burrows.

Two sharp-based volcaniclastic beds occur in Sections 3R-1
(~9-10 m) and 11R-2 (89.3 m) (Figure F8C). They vary from light
gray (GLEY 1 7/N) nannofossil ooze with ash and sand (siliciclastic
quartz and feldspar) to light greenish gray (GLEY 1 7/10GY) tuffa-
ceous foraminiferal chalk with sand, reflecting varying proportions
of volcanic glass and silicate minerals of igneous origin determined
by smear slide analysis (Figures F7, F9).

The ooze—chalk transition between Cores 7R and 8R (~53-58
m; Figure F6) coincides with the appearance of pale green laminae
and gray halos, possibly owing to diagenetic processes. This transi-
tion also coincides with a rise in P-wave velocity (see Petrophysics).
The shallow depth of the ooze—chalk transition (~53—58 m) may be
the result of previous burial at greater depths, presumably under-
neath Miocene or younger sediments that have since been removed.
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Subunit Ia displays no significant disrupted fabrics, and the pale
green laminae seen in the calcareous chalk are horizontal, indicat-
ing that Subunit Ia is undeformed.

Subunit Ib

Subunit Ib consists of ~40 m of upper to lower Oligocene light
greenish gray (GLEY 1 8/5GY) calcareous chalk. The dominant
lithology is the same as that in Subunit Ia, with dominant nanno-
fossils and common to abundant foraminifers. In some intervals be-
tween 99.6 and 102.8 m, sponge spicules are common. Pale green
laminae and diagenetic halos are consistently present. Bioturbation
varies from moderate to heavy throughout the cores, with a pro-
gressive decrease downhole from Section 371-U1509A-16R-1
(~135 m).

Subunit Ib differs from Subunit Ia because of the occurrence of
soft-sediment deformation features. The Subunit Ia/Ib boundary
marks the appearance of a disrupted fabric in the calcareous chalk
in Section 12R-2 (99.6 m) (see example from Section 15R-3 in Fig-
ure F10A). The subunit is in general characterized by an alternation
of slumped intervals, revealed by overturned folding of strata, with
several discrete, sharp-based, convoluted to parallel laminated beds
(Figure F10C). These deposits record soft-sediment deformation
through gravity flow processes. Notably, a brecciated and severely
faulted interval occurs at the base of Subunit Ib in Section 16R-3
(~137-139 m). Such structures suggest that slope instabilities oc-
curred during deposition of Subunit Ib.

Subunit Ic

Subunit Ic comprises ~275 m of light greenish gray
(GLEY 1 8/5GY) lower Oligocene to upper Paleocene calcareous
chalk and limestone with varying amounts of siliceous microfossils
or chert nodules (Figures F11, F12). The calcareous component has
dominant nannofossils and rare to common foraminifers (Figure
F7). In total, siliceous microfossils are common to abundant, and
specifically diatoms, sponge spicules, radiolarians, and silico-
flagellates were observed. Pale green laminae and diagenetic halos
occur throughout, with rare occurrences between Sections 371-
U1509A-20R-1 and 20R-CC (~174—178 m) and between Sections
33R-1 and 34R-1, 149 cm (~290-303 m).

At Section 33R-2, 135 cm (291.35 m), a sharp bioturbated con-
tact separates calcareous chalk with biosilica, foraminifers, rare clay,
and volcanic glass from underlying calcareous chalk with biosilica,
absent of clay or volcanic glass (Figure F13). This change is accom-
panied by a downhole lightening of color and coincides with a slight
drop (~10 instrument units [[U]) in magnetic susceptibility (see
Petrophysics). Notably, a ~3 My hiatus occurs between Sections
32R-CC and 33R-CC from the Priabonian to the Bartonian (see
Biostratigraphy and paleoenvironment), which might correlate
with this change in lithology, color, and physical properties.
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Site U1509

Figure F7. Major biogenic and lithologic constituent abundances in sediment based on smear slide analysis, Site U1509. D = dominant (>50%), A = abundant

(25%-50%), C = common (10%-25%), R = rare (1%-10%), T = trace (>0%-1%).
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In interval 39R-4, 30 cm, to 43R-2, 130 cm (~351 and 387 m),
thin brown beds of nannofossil chalk with abundant biosilica are
present; in some places, very thin sharp-based beds of fine sand—
sized foraminiferal limestone were also encountered (Figure F11B—
F11C). The chalk-limestone transition was observed in Section
43R-2 (~387 m) and is followed downhole by the occurrence of
chert (Figure F6).
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Throughout Subunit Ic, bedding planes, burrows, and dia-
genetic pale green laminae are consistently tilted at an average ap-
parent dip of 22° and a maximum dip of 45° (Figure F14).
Additionally, stepped microfaults are common, apparent in many
cases as centimeter-scale offsets of planar or linear features, includ-
ing pale green laminae, horizontal burrows, and thin beds of biosili-
ceous nannofossil chalk or foraminiferal limestone. Normal faults
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Figure F8. Common Subunit la lithologies, Site U1509. A. Nannofossil ooze
with foraminifers. B. Nannofossil chalk with foraminifers. C. Tuffaceous fora-
miniferal chalk with sand.
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Figure F9. Representative Subunit la lithologies, Site U1509. A, B. Nannofossil
(nanno) ooze with foraminifers (frm). C, D. Nannofossil chalk with foramini-
fers. E, F. Tuffaceous foraminiferal chalk with sand. gls = volcanic glass. PPL =
plane-polarized light, XPL = cross-polarized light.
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U1509A-11R-2, 95 cm
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are the most common brittle deformation identified, but a small
number of fractures have reverse displacement. Other types of brit-
tle deformation occur in places as discrete bands of synthetic and
antithetic fractures associated with a change in color that is proba-
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Site U1509

Figure F10. Common Subunit Ib lithologies, Site U1509. A. Nannofossil chalk
with foraminifers exhibiting disrupted fabric. B. Nannofossil chalk with fora-
minifers showing slump folds. C. Discrete sharp-based bed of foraminiferal
chalk with nannofossils showing an upward succession from disrupted to
planar-laminated fabrics, suggesting deposition from waning gravity flow.

Figure F11. Common Subunit Ic lithologies, Site U1509. A. Nannofossil chalk
with biosilica and pale green laminae. B. Biosiliceous nannofossil chalk
(brown thin beds). C. Dark gray very thin beds of foraminiferal limestone.
D. Limestone with wispy laminations. E. Cherty limestone with chert nod-
ules. F. Clayey limestone.

U1507A-46R-1,
19-34 cm

bly due to pressure solution. In the basal part of Subunit Ic, espe-
cially in Sections 371-U1509A-45R-2 and 45R-3, sheared zones
contain ductile fabrics in which a foliation developed, probably
through pressure solution-mediated creep. Asymmetric fish and
incipient S-C fabrics are consistent with a normal sense of shear in
this zone.
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Figure F12. Representative Subunit Ic lithologies, Site U1509. A, B. Nannofos-
sil (nanno) chalk with biosilica. sp = sponge spicule, rad = radiolarian.
C, D. Biosiliceous nannofossil chalk. E, F. Foraminiferal (frm) limestone.
G, H. Cherty limestone. |, J. Clayey limestone. clay = clay minerals.
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Figure F13. Distinct color change across middle Eocene, Site U1509.
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The basal part of Subunit Ic displays a complex heterogeneous
succession that includes a significant increase in clay content. In
Core 46R, the Unit I/II boundary is marked by a transition from
limestone and chert to calcareous claystone with silt-sized quartz,
feldspar, and other siliciclastic components (Figure F15). Prelimi-
nary X-ray diffraction (XRD) analysis is consistent with macro-
scopic and microscopic observations regarding the transition from
Unit I to II, including abundant calcite, quartz, clinoptilolite, albite,
and montmorillonite, whereas Unit II contains abundant illite and
does not contain montmorillonite or clinoptilolite (Figure F16).
Consistent with this lithologic succession, the natural gamma radia-
tion (NGR) count increases downhole (see Petrophysics) and car-
bonate content decreases (see Geochemistry). Of particular note is
the calcareous claystone with silt that occurs immediately below a
hiatus of ~5 My from the lower Eocene to the upper Paleocene (see
Biostratigraphy and paleoenvironment).

Unit Il

Unit II comprises ~275 m of Paleocene to Upper Cretaceous
claystone. The unit is further divided into two subunits based on
changes in the proportion of calcareous components, color, and
sedimentary features (Figures F6, F7). Subunit IIa consists of ~200
m of Paleocene calcareous claystone, and Subunit IIb consists of
~76 m of Upper Cretaceous claystone. Tilted bedding persists
throughout Unit II, with an average apparent dip of 20° and maxi-
mum dip of 50°. The change in lithologic composition from Subunit
IIa to IIb includes a sharp decrease in carbonate content and an in-
crease in organic carbon content (see Geochemistry) and coincides
with a rise in NGR (see Petrophysics).
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Figure F14. Evolution of deformation features in succession recovered, Site U1509. A. Horizontal bedding inferred from pale green laminations in nannofossil
chalk. B. Synsedimentary folding in nannofossil chalk. C. Tilted bedding inferred from pale green laminations and faint color banding in nannofossil chalk with
biosilica. D. Small-scale reverse faults with a few centimeters offset, displacing biosiliceous beds. E. Small-scale, stepped low-angle normal faults inferred from
pale green lamination offset in nannofossil chalk with biosilica. F. Normal faulting and open (extensional?) fractures. Note the offset of a spreiten burrow, likely
a Zoophycos. G. Asymmetrical fish-like structure and possible S-C fabrics in a sheared zone encountered in limestone of the basal part of Subunit Ic. H. Tilted

bedding inferred from faint planar lamination in calcareous claystone.

\ Unitla | [ Unitlb | | Unit Ic | [ Unitlla ]
cm cm A cm | cm cm . 1 -
_ = B / -y 40—
10— A 1B swollC ; 1 E i / 40
— T = 5 R i 15+ N 4
) = - 1 i il P2 ) Y
4 J ” 4
10 — il i i
. 0 i 25 — . -
115 — ] o5 1 g 2 1 s 45
] ] 1 ] ™ 20 ]
i 7 q 5 B o
) B A ! 4
] 5] 1= 30 T ] 1
120 - 1 . \ ] e J ]
. A ¥ 00| \ ] B ] 507
] ; ] 1 A= 1 W 5 ? ]
i 20 ¥ 3 : e b ] bl 1
125 U1509A-9R-2, ||} U1509A-16R-1, U1509A-éfR-7, 35 U1509A-34R-4, |l U1509A-36R-2, B U1509A-64R-7,
110-125 cm . 6-22cm }l ) B 105-120 cm 7 13-28 cm 55— 37-50 cm
110 | ] ) 1 I 40
80 — 4 S 4
1 B J 7 N
] 1 ] ] x//\>>, ]
115 ] i . > \ 45
4 T 85 —| i Sy A il
4 | N
] 1 ] 1 AN J
i - i b AN 1
120 — T 7 i |
R b 90 — i —— %0 i
] ] ] ] 77 i
125 — _ i 7 / 4
L 55—
Horizontal bedding Synsedimentary folds Tilted bedding Reverse faulting Stepped low-angle Deformation bands Shear zone Tilted bedding
micro normal faults and extensional
fractures?
Subunitlla F16). Subunit Ila exhibits tilted bedding similar to that in Subunit

Subunit ITa comprises ~200 m of dark greenish gray to dark gray
(GLEY 1 6/10Y to GLEY 1 4/N) Paleocene calcareous claystone.
Calcareous components include common to abundant nannofossils
and rare foraminifers (Figures F17, F18). Recrystallized foramini-
fers (e.g., Nodosaria sp.) occur as white specks throughout the cores
and as clusters in burrows. Nannofossil abundance progressively
decreases (from dominant to abundant) downhole in Subunit IIa.
Bioturbation shows an overall downhole decrease in intensity and
diversity throughout the subunit (from heavy to sparse). Ichnofos-
sils are dominated by undifferentiated centimeter-scale burrows,
Nereites, and Phycosiphon. Notably, and in stark contrast with Unit
I, Zoophycos decreases in abundance. Additionally, rare occurrences
of iron sulfide crystals can be seen throughout the subunit in the
form of blebs and centimeter thick veins along fracture planes.

Calcareous claystone between Sections 371-U1509A-62R-CC
and 65R-CC (572-604 m) exhibits parallel laminated variations in
the proportion of silt-sized siliciclastic components like quartz,
feldspar, and polycrystalline quartz (Figure F17C). The basal part of
Subunit IIa, spanning Sections 66R-2 through 66R-CC (~604—614
m), is characterized by relatively massive claystone with nanno-
fossils, reduced bioturbation, and homogeneous lithologic compo-
sition. Consistent with macroscopic and microscopic observations,
XRD analysis identified quartz, cristobalite, illite, and calcite (Figure

IODP Proceedings

Ic, as revealed by bioturbation fabrics and tilted parallel laminations
(Figure F14).

Subunit Ilb

Subunit IIb comprises ~76 m of Upper Cretaceous very dark
grayish brown (10YR 3/2) massive homogeneous claystone (Figure
F19). Calcareous nannofossils and foraminifers are absent in Sub-
unit IIb based on smear slide observations (Figure F7). Calcium car-
bonate content is <1%, whereas organic carbon content averages
~1% (see Geochemistry). Rare polycrystalline quartz and possible
occurrences of fish teeth were observed macroscopically and on
smear slides.

Bioturbation appears to be moderate but visibly indistinct,
mainly because of minimal lithologic contrast. A significant change
in ichnofossil diversity occurs from Subunit IIa to IIb, with a domi-
nance of Phycosiphon in Subunit IIb. In some places in Subunit IIb,
cores have a faint smell of hydrocarbons. Notably, the cores in Sub-
unit ITb exhibited a distinct change in color on drying, from dark
brown to relatively lighter yellowish brown.

A lack of clear bedding planes and sedimentary structures in
Subunit IIb precluded recognition of tilted bedding; however, bur-
rows appear to be oriented along the same general tilt of Subunits Ic
and Ila (Figure F1I9D-F19E).
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Figure F15. Transition from Unit | to I, Site U15009.
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Figure F16. XRD analyses of sediments over transition from Unit | to Il, Site U1509.
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Figure F17. Common Subunit lla lithologies, Site U1509. A. Calcareous clay-
stone. B. Claystone with nannofossils. C. Claystone with silty laminations.
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Figure F18. Representative Subunit lla lithologies, Site U1509. A, B. Calcare-
ous claystone. clay = clay minerals. C, D. Claystone with nannofossils
(nanno). E, F. Claystone with silt. slt = silt-sized siliciclastic components, gtz =
quartz.
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Figure F19. Representative Subunit b lithologies, Site U1509. A. Claystone.
B, D. Claystone. clay = clay minerals, qtz = quartz. C, E. Bioturbation oriented
along general tilt direction, Subunits Ic and lla. Brightness and contrast were
modified to make bioturbation fabrics more distinct.
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Biostratigraphy and paleoenvironment

Microfossil biostratigraphy was employed to determine the age
of sediments on the southwest edge of the NCT and to constrain the
timing of convergent deformation and subsidence. Palynomorph,
benthic foraminifer, and ostracod assemblages were used to con-
strain the uplift history and paleobathymetry of the site. Intervals of
reworked material found in the section can be used to assess the age
and setting of episodes of potential erosion. Importantly, the source
of this material might constrain the dynamics of regional tectonic
evolution.

At Site U1509, microfossil abundance is generally higher in the
upper part of the sequence. Below ~440 m (middle Paleocene), most
groups (calcareous nannofossils, planktic foraminifers, and radio-
larians) significantly decrease in abundance. Benthic foraminifers
only make up a small portion of sediment particles throughout the
studied interval, as expected in deep-sea settings (Figure F20).
Planktic foraminifers are absent below Core 371-U1509A-64R
(593.88 m), and calcareous nannofossils are absent below Core 66R
(609.32 m). Benthic foraminifers, radiolarians, and dinoflagellates
are the only groups present through the base of Hole U1509A, al-
though low in abundances.

Microfossil preservation decreases downhole, with most fossil
groups showing a decrease below ~150-200 m. Radiolarians follow
a slightly different pattern; their preservation significantly decreases
from ~420 m downhole. An interesting feature of the nannofossil
preservation is that it decreases during the lower Miocene to upper
Oligocene interval, which coincides with an increase in reworking
of older microfossils.

Sediments obtained from Site U1509 are dated as Pleistocene to
Late Cretaceous using nannofossils, planktic and benthic foramini-
fers, radiolarians, and palynomorphs (Table T3; Figure F21). Five
stratigraphic gaps were identified: between the Pleistocene and
early Miocene (with a minimum duration of >10.5 My), in the mid-
dle—early Miocene (>2 My), in the middle Eocene (~3 My), and two
in the early to middle Eocene (~5 and ~2 My).

Reworked early Miocene to late Eocene microfossils were re-
corded in the Pleistocene (Sample 2R-CC; 1.16-1.26 m), and late—
middle Eocene nannofossils and foraminifers were identified in the
early Miocene-late Oligocene (Cores 8R through 15R; 61.68-
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Site U1509

Figure F20. Microfossil preservation and abundance, Site U1509. Abundance: D = dominant, A = abundant, C = common, F = few, R = rare, P = present, tr =
trace, B = barren. Preservation: E = excellent, VG = very good, G = good, M = moderate, P = poor.
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Table T3. Microfossil datums and chrons used to construct Site U1509 age model. T = top, B = bottom, Tc = top common occurrence, Bc = bottom common
occurrence, Ba = base acme. K/Pg = Cretaceous/Paleogene. (Continued on next page.) Download table in CSV format.

Top core, Bottom core, Top Bottom  Midpoint
section, interval ~section, interval ~ Age depth depth depth
Marker event Zone base (cm) (cm) (Ma) CSF-A(m) CSF-A(m) CSF-A(m) +(m)
Calcareous nannofossils 371-U1509A- 371-U1509A-

T Pseudoemiliania lacunosa NN20 1R-CC,0-10 2R-CC,7-17 0.44 0.10 1.16 0.63 0.53
B Gephyrocapsa (>4 pm) 3R-CC,19-29 4R-1,75 1.73 10.59 20.15 15.37 4.78
T Sphenolithus spp. 3R-CC, 19-29 4R-1,75 3.54 10.59 20.15 15.37 4.78
T Coccolithus pelagicus 3R-CC, 19-29 4R-1,75 10.97 10.59 20.15 15.37 4.78
T Cyclicargolithus floridanus 3R-CC, 19-29 4R-1,75 11.85 10.59 20.15 15.37 478
Tc Calcidiscus premacintyrei 4R-1,75 4R-CC,0-10 12.38 20.15 22.36 21.26 1.1
B Calcidiscus macintyrei 4R-CC,0-10 5R-CC,0-10 13.36 22.46 33.94 28.20 5.74
T Sphenolithus heteromorphus NN6 7R-2,75 7R-CC,0-10 13.53 50.65 53.43 52.04 139
Tc Discoaster deflandrei ~NN5 7R-CC,0-10 8R-CC, 10-20 15.80 53.53 61.68 57.61 4.08
B Sphenolithus heteromorphus 7R-CC,0-10 8R-CC, 10-20 17.71 53.53 61.68 57.61 4.08
T Sphenolithus belemnos NN4 8R-CC, 10-20 9R-CC, 8-18 17.95 61.78 72.70 67.24 5.46
B Sphenolithus belemnos ~NN3 9R-CC, 8-18 10R-CC, 0-10 19.03 72.80 82.42 77.61 4.81
B Sphenolithus disbelemnos ~NN2 10R-CC,0-10 11R-CC, 0-10 22.76 82.52 90.08 86.30 3.78
T Sphenolithus ciperoensis NN1 13R-CC,0-10 14R-2,70 2443 114.73 118.00 116.37 1.63
T Sphenolithus distentus NP25 15R-2,75 15R-CC, 0-10 26.84 127.65 135.12 131.39 3.74
T Sphenolithus predistentus 15R-2,75 15R-CC, 0-10 26.93 127.65 135.12 131.39 3.74
B Sphenolithus ciperoensis NP24 17R-2, 54 17R-CC, 0-10 29.62 146.64 149.27 147.96 1.32
B Sphenolithus distentus 19R-CC,12-22  20R-2,80 30.00 166.76 175.69 171.23 4.47
T Reticulofenestra umbilicus NP23 20R-2, 80 20R-CC, 8-18 32.02 175.69 178.45 177.07 1.38
T Isthmolithus recurvus 21R-2,35 21R-CC, 15-25 32.49 184.85 186.34 185.60 0.75
T Coccolithus formosus NP22 23R-2,90 23R-CC, 0-10 32.92 204.50 205.11 204.81 0.31
Ba Clausicoccus subdistichus 28R-CC,0-10 29R-1,75 33.87 248.68 250.85 249.77 1.09
T Discoaster saipanensis NP21 29R-5, 85 29R-5,98 34.44 256.99 257.12 257.06 0.06
T Reticulofenestra reticulata 30R-CC,25-35  31R-CC,0-10 35.40 267.46 278.80 27313 5.67
Bc Isthmolithus recurvus NP19/NP20 32R-2,65 32R-CC, 10-20 36.97 281.00 288.71 284.86 3.85
B Chiasmolithus oamaruensis NP18 33R-2,70 33R-CC, 13-23 37.32 290.70 298.36 294.53 3.83
T Sphenolithus spiniger 33R-2,70 33R-CC, 13-23 39.70 290.70 298.36 294.53 3.83
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Table T3 (continued).

Site U1509

Top core, Bottom core, Top Bottom  Midpoint
section, interval section, interval Age depth depth depth
Marker event Zone base (cm) (cm) (Ma)  CSF-A(m) CSF-A(m) CSF-A(m) £(m)
B Dictyococcites bisectus (>10 um) ~ ~NP17 33R-2,70 33R-CC, 13-23 40.36 290.70 298.36 294.53 3.83
B Reticulofenestra reticulata 35R-CC,9-19 36R-2,75 41.94 313.97 319.57 316.77 2.80
T Nannotetrina cristata ~NP16 38R-CC,0-10 39R-2, 80 4269  343.67 348.41 346.04 2.37
T Chiasmolithus gigas NP15c 42R-CC,12-22  43R-2,70 44.12 381.63 386.48 384.06 243
B Chiasmolithus gigas NP15b 45R-2,72 45R-3,72 4549  405.58 406.93 406.26 0.68
T Toweius spp. 45R-2,72 45R-3,72 50.50 405.58 406.93 406.26 0.68
T Tribrachiatus orthostylus NP13 45R-2,72 45R-3,72 50.50  405.58 406.93 406.26 0.68
B Discoaster lodoensis NP12 45R-CC,10-20  46R-1,23 53.70 407.14 413.13 410.14 3.00
T Fasciculithus spp. 45R-CC,10-20  46R-1,23 55.64  407.14 41313 410.14 3.00
B Discoaster multiradiatus NP9 46R-CC,10-20  47R-2,48 57.21 418.58 424.08 421.33 275
B Discoaster mohleri NP7-NP8 46R-CC,10-20  48R-1,44 5897 42543 432.54 428.99 3.56
B Heliolithus kleinpellii NP6 49R-2, 80 49R-CC, 11-21 59.54 444.00 450.60 447.30 3.30
B Heliolithus cantabriae 57R-CC,9-19 58R-2, 62 59.60  526.60 530.08 52834 1.74
B Fasciculithus tympaniformis NP5 63R-CC,0-10 64R-2,107 61.51 585.01 587.51 586.26 1.25
Planktic foraminifers
B Globorotalia hirsuta 1R-CC,0-10 2R-CC,7-17 0.34 0.00 0.10 0.05 0.05
B Globorotalia truncatulinoides 3R-CC,19-29 4R-CC,0-10 1.93 10.59 22.36 16.48 5.89
T Paragloborotalia mayeri M12 3R-CC, 19-29 4R-CC,0-10 10.46 10.59 22.36 16.48 5.89
T Fohsella fohsi lobata M10 4R-CC,0-10 5R-CC,0-10 11.79 22.46 33.94 28.20 574
B Fohsella robusta M9b 6R-CC,0-10 7R-CC,0-10 13.13 38.80 53.43 46.12 7.32
B Orbulina suturalis M6 7R-CC,0-10 8R-CC, 10-20 15.10 53.53 61.68 57.61 4.08
T Catapsydrax dissimilis M4a 7R-CC,0-10 8R-CC, 10-20 17.54 53.53 61.68 57.61 4.08
T Globigerina euapertura Mila 10R-CC,0-10 11R-CC,0-10 23.03 82.52 90.08 86.30 3.78
T Paragloborotalia opima 06 12R-CC,0-10 13R-CC, 0-10 26.93 105.11 114.63 109.87 476
B Globigerina angulisuturalis 04 15R-CC, 0-10 16R-CC, 0-10 29.18 135.22 143.91 139.57 435
B Paragloborotalia opima 19R-CC,12-22  20R-CC, 8-18 30.72 166.76 178.45 172.61 5.85
T Globigerinatheka index E16 28R-CC,0-10 29R-CC, 12-22 3460  248.68 259.93 254.31 5.63
T Acarinina bullbrooki 32R-CC,10-20  33R-CC, 13-23 40.49 288.71 298.36 293.54 4.83
B Globigerinatheka index 41R-CC, 14-24  42R-CC, 12-22 4260  371.06 381.53 376.30 5.24
T Morozovella aequa 44R-CC,19-29  45R-CC, 10-16 54.20 398.17 407.04 402.61 4.44
T Globanomalina pseudomenardii ~ P5 47R-CC,0-10 48R-CC, 14-24 57.10 425.43 436.19 430.81 538
B Globanomalina pseudomenardii ~ P4a 54R-CC,12-22  55R-CC,0-10 60.73 493.96 501.79 497.88 3.92
Benthic foraminifers
T Dorothia elongata K/Pg 66R-CC,23-33  67R-CC, 0-10 66.00  609.32 617.53 613.43 4.11
Radiolarians
B Artophormis gracilis 25R-CC, 0-7 27R-CC,0-10 32.54 213.98 234.88 22443 10.45
B Theocyrtis tuberosa RP20b 27R-CC,0-10 29R-CC, 12-22 3299 23498 259.93 247455 12475
B Eucyrtidium antiquum zRP15 27R-CC,0-10 29R-CC, 12-22 33.83 234.98 259.93 247455 12475
B Eucyrtidium spinosum zRP14 32R-CC,10-20  33R-CC, 13-23 38.15 28871 298.36 293535  4.825
B Zealithapium mitra zRP13 33R-CC,13-23  35R-CC,9-19 39.30 298.46 313.87 306.165 7.705
T Artobotrys biaurita 33R-CC,13-23  35R-CC,9-19 3930 29846 313.87 306.165  7.705
T Artobotrys biaurita 33R-CC,13-23  35R-CC,9-19 40.70 298.46 313.87 306.165 7.705
B Zealithapium mitra 33R-CC,13-23  35R-CC,9-19 41.72  298.46 313.87 306.165  7.705
B Eusyringium fistuligerum zRP12 41R-CC, 14-24  43R-CC,0-10 42.60 371.06 392.98 382.02 10.96
B Eusyringium fistuligerum 41R-CC,14-24  43R-CC,0-10 43.81 371.06 392.98 382.02 10.96

135.22 m) (Figure F21). The abundance of reworked microfossils is
related to the redeposition of older and/or syndepositional sedi-
ments present in the basin or in the nearby area.

The site represents a lower bathyal—abyssal environment during
the Pleistocene to Eocene. Below the 2 My hiatus that separates the
early Eocene from late Paleocene, water depths shallow slightly
from middle to upper bathyal.

Calcareous nannofossils

Calcareous nannofossil biozones were assigned to sediments
from Cores 371-U1509A-1R through 66R (0-614 m). Cores 67R
through 74R (614—691 m) are barren or contain minor contamina-
tion. Analyses are primarily based on core catcher samples (paleon-
tology; PAL), and additional samples from working-half sections
were used to refine ages for select intervals, particularly across hia-
tuses and critical boundaries. Calcareous nannofossil distribution
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data are based on shipboard observations that focus on age diagnos-
tic species and may not represent the full nannofossil assemblage
(Table T4).

Calcareous nannofossils are common to abundant in the upper
part of Hole U1509A to Sample 47R-2, 48 cm (424.08 m). In Sam-
ples 47R-CC to 66R-CC (425.33—-609.32 m), they vary in abundance
from few to very rare. Preservation at Site U1509 varies from good
to poor, generally decreasing with increasing depth (Figure F20).
The exception is the late Miocene to middle Oligocene Samples 8R-
CC to 15R-CC (61.68-135.22 m), an interval with a high abundance
of biosilica and reworked nannofossils of mainly middle to late Eo-
cene age.

The sequences drilled in Hole U1509A represent the Pleistocene
(Zones NN20/NN21 through NN19); late Miocene (Zones NN6
through NN1); Oligocene (Zones NP25 through NP21); late, mid-
dle, and early Eocene (Zones NP19/NP20 through NP18, Zone
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Figure F21. Biozonations, Site U1509. CN = calcareous nannofossil, PF =

planktic foraminifer.
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NP16 through Subzone NP15b, and Zone NP12, respectively); and
late to middle Paleocene (Zones NP9 and NP7-NP8 through NP5).
Cores 67R through 74R contain sediments of Late Cretaceous age
but are barren of calcareous nannofossils.
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Table T4. Nannofossil distribution and occurrence data, Site U1509. Down-
load table in CSV format.

The uppermost section of Hole U1509A (0.00—10.59 m) is Pleis-
tocene based on the presence of Gephyrocapsa spp. in Sample 1R-
CC (Zone NN20/NN21), the presence of Pseudoemiliania lacunosa
in Samples 2R-CC and 3R-CC, and the absence of Discoaster spp.
(Zone NN19). Sample 2R-CC contains significant reworking of Oli-
gocene and Eocene nannofossils.

A major hiatus of at least 10.5 My (2-12 Ma) spans from the
early Pleistocene to middle Miocene between Zones NN19 and
NN6 (Samples 3R-CC and 4R-1, 75 cm; 10.59 and 20.15 m). The
presence of Coccolithus miopelagicus and Cyclicargolithus florida-
nus assigns Sample 4R-1, 75 cm (21.65 m), to Zone NN6, which ex-
tends to Sample 7R-2, 75 cm (52.04 m). Zone NN5 was not
recorded, indicating a gap of ~1.4 My (13.6—15 Ma). The early Mio-
cene spans Samples 7R-CC (Zone NN4) to 13R-CC (Zone NNI1)
(53.43-114.73 m). Zone NN4 was recognized in Sample 7R-CC by
the presence of Sphenolithus heteromorphus, and Zone NN3 was re-
corded in Sample 9R-CC by the presence of Sphenolithus belemnos.
The base of Sphenolithus disbelemnos between Samples 10R-CC
and 11R-CC (86.30 + 3.78 m) approximates the base of Zone NN2.
The common presence of Zygrhablithus bijugatus and Dictyococ-
cites bisectus assigns Samples 11R-CC to 13R-CC (90.08-114.73 m)
to Zone NN1. Sphenolithus capricornutus and Sphenolithus del-
phix, whose presence constrains the Miocene/Oligocene (M/O)
boundary, were not found at Site U1509; consequently, this bound-
ary could not be identified using nannofossil biostratigraphy.

Cores 14R through 33R span Zones NP25 through NP21, in-
cluding the Oligocene and the late Eocene. Sample 14R-CC was as-
signed to Zone NP25 due to the presence of Sphenolithus
ciperoensis and the absence of Sphenolithus distentus and Spheno-
lithus predistentus. Because the duration of Zone NP25 is ~2.5 My,
this interval is clearly condensed. The simultaneous presence of S.
ciperoensis, S. distentus, and S. predistentus in Samples 15R-CC and
16R-CC identifies Zone NP24. The base of S. distentus between
Samples 19R-CC and 20R-CC (171.23 + 4.47 m) marks the base of
Zone NP23. Zone NP22 was identified in Samples 20R-CC and 21R-
CC (178.45-186.44 m) by the presence of Reticulofenestra umbili-
cus and Isthmolithus recurvus. The presence of Coccolithus formo-
sus in Sample 22R-CC marks the top of Zone NP21. To constrain
the Oligocene/Eocene boundary (O/E), a number of additional sam-
ples were taken in Core 29R to identify the base acme of Clausicoc-
cus subdistichus, which usually lies close the O/E boundary (Agnini
et al., 2014). This biohorizon was observed between Samples 28R-
CCand 29R-1, 75 ¢cm (249.77 + 1.09 m). The base of Zone NP21 was
defined by the top of Discoaster saipanensis between Samples 29R-
5, 85 cm, and 29R-5, 98 cm (257.06 + 0.06 m). Zone NP19/NP20 is
marked by the base of I recurvus between Samples 29R-5, 98 cm,
and 32R-2, 65 cm (257.12 and 281.00 m). The base of Chiasmolithus
oamaruensis between Samples 33R-2, 70 cm, and 33R-CC (290.70
and 298.36 m) marks Zone NP18. A hiatus of at least 3 My (37.4—
40.9 Ma), identified by the absence of Zone NP17, occurs between
Samples 32R-CC and 33R-CC. Zone NP16 was identified by the ab-
sence of D. bisectus, the presence of Sphenolithus spiniger, and the
base of Reticulofenestra reticulata at 331.40 m (+5.20 m). The base
of Zone NP16 extends from Sample 33R-CC to Sample 38R-CC
(298.36-343.67 m), approximated by the top of Nannotetrina spp. at
346.04 m (+2.37 m). Zone NP16 through Subzone NP15c are de-
fined by the top of Nannotetrina cristata between Samples 38R-CC
and 39R-2, 50 cm (346.04 + 2.37 m), because the base of R. umbili-
cus is not considered a reliable datum. The base and top of Chias-
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molithus gigas were used to define Subzone NP15b, which spans
Samples 43R-CC to 45R-2, 72 cm (392.98-405.58 m).

The presence of Tribrachiatus orthostylus in Sample 45R-3, 72
cm, indicates a middle to early Eocene hiatus of at least 5 My be-
tween Samples 45R-2, 72 cm, and 45R-3, 72 cm (406.26 + 0.68 m),
that spans between Subzone NP15b and Zone NP12 (45.6-50.6
Ma). Zone NP12 spans Samples 45R-3, 72 cm, to 45R-CC and is fol-
lowed by an early Eocene to late Paleocene hiatus of at least 2 My.
This hiatus occurs between Samples 45R-CC and 46R-1, 23 cm
(410.14 + 3.00 m), between Zones NP12 and NP9 (53.7-55.9 Ma).
Therefore, the Paleocene/Eocene Thermal Maximum was not re-
covered at Site U1509. Zone NP9 was recognized by the presence of
the rosette discoasters Discoaster multiradiatus, Discoaster salis-
burgensis, and Prinsius spp. from Samples 46R-1, 23 cm, to 46R-CC
(413.13-418.58 m). Two samples (47R-2, 48 cm, and 47R-CC) re-
cord undifferentiated Zone NP7-NP8 due to the presence of Dis-
coaster mohleri. The base of Heliolithus kleinpelli between Samples
49R-2, 80 cm, and 49R-CC (447.30 +3.30 m) defines the base of
Zone NP6. An expanded middle Paleocene section (Zone NP5) was
recorded in Samples 49R-CC to 63R-CC (450.70-584.81 m). Helio-
lithus cantabriae is present in Samples 49R-CC to 57R-CC (450.60—
526.60 m), indicating the uppermost part of Zone NP5. The anoma-
lously high sedimentation rate estimated for this interval, on the or-
der of hundreds of meters per million years, may indicate that the
sediments are folded. Samples 58R-CC to 63R-CC (536.06—584.91
m) do not contain H. cantabriae, but Fasciculithus tympaniformis is
still present, and thus the interval was ascribed to Zone NP5. Cal-
careous nannofossils are rare in Samples 64R-CC and 65R-CC
(593.88 and 604.74 m), but it was possible to ascribe this interval to
Zone NP4 because of the presence of Toweius pertusus. Sample
66R-CC contains a sparse assemblage that has undergone dissolu-
tion and was tentatively ascribed to undifferentiated Zone NP3—
NP4 due to the presence of Prinsius martini, which approximates
the base of Zone NP3.

Samples 67R-CC to 74R-CC are barren of in situ calcareous
nannofossils, with the few specimens of Paleogene age recorded in
Samples 70R-CC to 73R-CC. However, these specimens are consid-
ered contamination.

Planktic foraminifers

Planktic foraminifers are dominant to abundant in the upper
part of the section (Samples 371-U1509A-1R-CC to 22R-CC; 0.00—
196.43 m) and common to barren further downhole (Samples 23R-
CC to 74R-CC; 205.11-689.57 m). Preservation follows a similar
trend to abundance, with a steady decrease into older sediments
(Figure F22). A number of marker species commonly found in low
to middle latitudes (Wade et al., 2011) are missing from Site U1509
(Table T5). Planktic foraminiferal biozones were assigned to Cores
1R through 55R (0.10-501.79 m). Below this interval, samples are
barren of planktic foraminifers (Figure F20).

Samples 1R-CC to 3R-CC (0.00-10.49 m) contain Globorotalia
truncatulinoides, which indicates a Pleistocene age for this interval.
Extreme reworking was observed in Sample 2R-CC, which corre-
sponds to the observed slumps and/or soft-sediment deformation
observed in lithostratigraphic Unit I. Several Oligocene and Eocene
taxa such as Chiloguembelina cubensis, Globigerinatheka index, and
Acarinina spp. were observed in this sample. A ~10 My gap was
identified between Samples 3R-CC and 4R-CC (16.48 + 5.89 m). In
this interval, the base of G. truncatulinoides, a Pleistocene datum,
coincides with the top of Paragloborotalia mayeri and includes the
middle Miocene Fohsella lineage (Fohsella fohsi lobata, Fohsella pe-
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Figure F22. Preservation state of planktic foraminifers, Site U1509. Scale bars
=100 pm. A. Very good. B. Good. C. Moderate. D. Poor.

Table T5. Planktic foraminifer distribution and occurrence data, Site U1509.
Download table in CSV format.

ripheroacuta, and Fohsella robusta). This evolutionary lineage,
along with the presence of 2. mayeri, indicates middle to late Mio-
cene Subzone M9b is present but compressed. In turn, middle Mio-
cene Zone M6 was identified in Samples 7R-CC to 8R-CC (53.43—
61.48 m) by the co-occurrence of Praeorbulina sicana and Orbulina
universa.

The M/O boundary was defined between Samples 10R-CC and
11R-CC (86.30 + 3.78 m) based on the top of Globigerina euaper-
tura. The base of Globigerina angulisuturalis and the top and base
of Paragloborotalia opima were utilized to assign an Oligocene age
to Samples 11R-CC to 28R-CC (90.08-248.58 m). The O/E bound-
ary was tentatively placed between Samples 28R-CC and 29R-CC
(254.31 + 5.63 m) based on the top of G. index (Raine et al., 2015).
The absence of Orbulinoides beckmanni may indicate the lack of
Zone E12, or the zone was not recognized due to the absence of this
species in cooler waters. Middle to early Eocene Zones E11-E10
were recognized in Samples 33R-CC to 41R-CC (298.36—370.96 m)
based on the common occurrence of G. index, Acarinina primitiva,
and Acarinina bullbrooki. The base of G. index was placed between
Samples 41R-CC and 42R-CC (376.30 + 5.24 m). This biohorizon
was dated at 42.63 and 42.60 Ma in the geologic timescale
(GTS2012) and New Zealand timescale (Raine et al., 2015), respec-
tively. However, nannofossil biostratigraphy indicates this species
evolved ~1 My earlier in New Zealand waters, an age that agrees
with the last occurrence of G. index in the Austral realm (Huber and
Quillévéré, 2005).

Samples 42R-CC to 44R-CC (381.53-398.07 m) were assigned
to Zones E9—E8 based on the absence of Morozovella crater. The co-
occurrence of Morozovella aequa and Pseudohastigerina wilcoxen-
sis in Sample 45R-CC (412.81 m) indicates early Eocene Zones E4—
E2 for this sample. Although the Paleocene/Eocene boundary was
not recognized via planktic foraminiferal biostratigraphy due to the
lack of marker species, late to middle Paleocene assemblages were
recognized in Samples 46R-CC to 49R-CC (418.48-450.60 m). Sam-
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ples 50R-CC to 63R-CC (459.22-584.91 m) contain very few speci-
mens. Recognition of Subzones P4c-P4a was only possible in
Sample 54R-CC (497.87 m), which contains Acarinina acarinata
and Globanomalina pseudomenardii. Samples 64R-CC to 74R-CC
(593.78—689.57 m) are barren of planktic foraminifers.

Benthic foraminifers

Benthic foraminifers were examined semiquantitatively from 68
Hole U1509A cores (Table T6). Overall, this faunal group is present
but rare relative to total sediment particles in the >63 pm fraction of
most studied samples. No benthic foraminifers were recovered from
Paleocene Samples 371-U1509A-51R-CC and 52R-CC.

Benthic foraminifer preservation in Hole U1509A ranges from
excellent to very good in the Pleistocene and upper middle Miocene
(Cores 1R through 6R) to moderate in the lower middle to early
Miocene and late Oligocene (Cores 7R through 16R). In the remain-
ing early Oligocene, Eocene, Paleocene, and Cretaceous sections,
preservation is poor (Figure F20). A total of 1581 specimens were
picked from Hole U1509A, and 159 taxa were identified. Most sam-
ples are dominated by calcareous taxa, and agglutinated taxa gener-
ally form a minor component of assemblages. The exception is the
lowermost part of Hole U1509A (lower Paleocene and Cretaceous;
Cores 66R through 74R), where agglutinated taxa, although of low
diversity, comprise 100% of the assemblages.

The Pleistocene interval in Hole U1509A contains common
Globocassidulina subglobosa, Fissurina spp., Fursenkoina spp., Fav-
ocassidulina favus, Cassidulina spp., Bulimina marginata, and
Nonionella spp. among other species, and the assemblages are dom-
inated by infaunal morphogroups. The middle to early Miocene in-
terval is dominated by Bolivina spp. (including Bolivina byramensis
and Bolivina pusilla), Cibicidoides spp. (including Cibicidoides
mundulus and Cibicidoides laurisae), Epistominella exigua, Fursen-
koina spp., G. subglobosa, nodosariids, Oridorsalis umbonatus,
Pleurostomella spp., stilostomellids, and Nuttallinella spp. The Oli-
gocene assemblages are slightly less diverse, and they contain com-
mon Bolivina spp., Cibicides collinsi, C. mundulus, G. subglobosa,
Gyroidinoides spp., nodosariids, O. umbonatus, Pleurostomella
spp., stilostomellids, Spiroplectammina cubensis, Trifarina spp., and
Vulvulina spinosa. The Eocene assemblages are broadly similar to
those in the Oligocene, but they also include abundant Bulimina
spp. (Bulimina thanetensis and Bulimina tuxpamensis), Anomali-
noides spp., Cibicidoides eocaenus, Lenticulina spp., and Nuttallides
truempyi.

Paleocene assemblages are significantly different from those in
the Eocene (middle Ypresian). In addition, they are less diverse and
mainly dominated by nodosariids with common Stensioeina becca-
riiformis, Bulimina spp., and Lenticulina spp. Benthic foraminifers
with upper age ranges restricted to the Paleocene in the New Zea-
land region (Hornibrook et al., 1989), including S. beccariiformis,
Anomalinoides piripaua, Valvulineria teuriensis, Coryphostoma
midwayensis, and Remesella varians, were recovered from Samples
46R-1, 21 cm, and 46R-CC.

The lowermost seven core catcher samples in Hole U1509A
(Cores 67R through 74R) contain a very sparse, low-diversity, agglu-
tinated benthic assemblage that includes Bathysiphon spp., tro-
chamminids, Haplophragmoides spp., Cyclammina amplectens,
Dorothia elongata, and Spiroplectammina spectabilis. Fragments
and pieces of Bathysiphon and possible Cyclammina or Haplo-
phragmoides were observed across this interval. According to
Hornibrook et al. (1989), D. elongata is restricted to the Haumurian
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Table T6. Benthic foraminifer distribution and abundance data, Site U1509.
Download table in CSV format.

(Campanian and Maastrichtian), and its topmost occurrence in
Cores 67R through 72R indicates a Late Cretaceous age.

Site U1509 currently lies at ~3000 m water depth, yet few dis-
tinctly abyssal benthic foraminifers were recovered from the Pleis-
tocene interval apart from E. exigua, a predominantly lower bathyal
to abyssal dweller. Other potentially useful paleobathymetric taxa
that are common at lower bathyal to abyssal paleodepths include G.
subglobosa, Planulina wuellerstorfi, and E favus (van Morkhoven et
al., 1986; Holbourn et al., 2013). Such assemblages indicate depths
ranging from deep middle bathyal to abyssal, consistent with mod-
ern conditions. However, shelf-restricted or upper to middle
bathyal-restricted benthic foraminifers, including Nonionella
flemingi, B. marginata, Discorbis dimidiatus, and Virgulopsis turris,
are also present, likely indicating some redeposition of shelf mate-
rial, perhaps in turbidites.

Similarly, the middle to early Miocene section contains common
lower bathyal to abyssal taxa such as E. exigua, G. subglobosa, O.
umbonatus, or C. mundulus (van Morkhoven et al., 1986). The oc-
currence of abundant B. byramensis, which is common at bathyal
depths, narrows the paleodepth to lower bathyal (van Morkhoven et
al,, 1986). No obvious reworked (older) or redeposited benthic fora-
minifers were observed in the Miocene interval.

The Oligocene interval contains a number of middle to lower
bathyal and abyssal dwellers, including Anomalina aotea, Cibicides
ihungia, Cibicides robertsonianus, Cibicidoides havanensis, C. mun-
dulus, Eggerella bradyi, G. subglobosa, Laticarinina pauperata, Nut-
tallides umbonifera, and O. umbonatus. The upper depth limit of
some of these species (C. mundulus and N. umbonifera) is 1000 m
during the Oligocene (van Morkhoven et al., 1986), suggesting that
the paleodepth was at least lower bathyal.

A similar paleodepth is suggested by late to middle Eocene as-
semblages, including Bulimina rostrata, B. tuxpamensis, C. eo-
caenus, N. truempyi, and Osangularia culter. The presence of
occasional specimens of E. exigua and Cibicidoides dohmi are
added evidence that the paleodepth was at least lower bathyal.

Primarily lower bathyal and abyssal taxa are scarce across the
Paleocene (e.g., Nuttallinella florealis, Cibicidoides hyphalus, and S.
beccariiformis; van Morkhoven et al., 1986), but the middle bathyal
to abyssal species N. truempyi is common. These data, together with
the occurrence of Anomalinoides rubiginosus, Chilostomella sp.,
Glomospira sp., C. midwayensis, R. varians, Rzehakina epigona, S.
spectabilis, and Allomorphina conica and the absence of upper
bathyal-restricted taxa (Hayward, 1986), suggest a middle bathyal
paleodepth.

The Cretaceous interval paleodepth is difficult to interpret due
to the very poor material recovered. Relatively common Bathysi-
phon spp., C. amplectens, and S. spectabilis and rare Glomospira
spp. place the paleodepth at bathyal or possibly middle to upper
bathyal depths. van Morkhoven et al. (1986) and Holbourn et al.
(2013) give the paleodepth of S. spectabilis at bathyal to abyssal. The
paleodepth of all Glomospira spp. in Kaminski and Gradstein (2005)
is bathyal to abyssal, although Hayward (1986) has this genera’s up-
permost paleodepth near 400 m. The identification of C. amplectens
is presently uncertain, but C. amplectens also has a bathyal to abys-
sal paleodepth (Kaminski and Gradstein, 2005). Evidence against a
shallower paleodepth is the complete absence of shelf-restricted
benthic foraminifers.
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Ostracods

In total, 223 specimens of ostracods were picked and 34 taxa
were identified at Site U1509. Abundance data are normalized to
the number of specimens per 45 cm? tray and fluctuate between 0
and 6.6 from Sample 371-U1509A-1R-CC to Sample 20R-CC (0-—
178.55 m) (Figure F23). Abundance decreases to rare and mostly
barren from Sample 21R-CC to Sample 74R-CC (186.34—689.67 m).

Ostracod preservation assessed using the visual preservation in-
dex (VPI) (Dwyer et al., 1995) fluctuates between 4 and 7 (Figure
F23). This pattern differs from that at Sites U1506—U1508, where
preservation progressively decreases throughout the holes.

From the Pleistocene to early Oligocene, paleodepth estimates
based on ostracods suggest abyssal to lower bathyal settings. The
dominant genera are Krithe and Poseidonamicus, which mostly and
exclusively inhabit lower bathyal and abyssal depths, respectively.
Other common taxa, including Bradleya, Cytheropteron, and blind
trachyleberidids, have relatively wide distribution ranges. In addi-
tion, two poorly preserved specimens of neritic Callistocythere(?)
spp. are present in Sample 3R-CC.

Radiolarians

A total of 40 core catcher samples from Cores 371-U1509A-1R
through 74R were processed and analyzed for radiolarian abun-
dance and preservation (Table T7). The upper part of Hole U1509A
(Samples 1R-CC to 43R-CC; 0-393.08 m) contains well-preserved
radiolarians (Figure F20). Abundance varies between trace and
common in Samples 1R-CC to 7R-CC (0-53.53 m) and between few
and abundant in Samples 9R-CC to 43R-CC (72.7-393.08 m). Pres-
ervation deteriorates in the lower part of the hole from Samples
45R-CC to 71R-CC (407.04—660.41 m), and abundance varies be-
tween trace and few. Samples are barren below 680.73 m.

In radiolarian-rich samples (0-393.08 m), other siliceous micro-
fossils such as spicules, diatoms, and sometimes silicoflagellates
were present. Because of time constraints, radiolarian biostrati-
graphy was applied on a selected interval from the early Oligocene
to the Cretaceous (Samples 25R-CC to 71R-CC, 213.98-660.31 m;
Table T7).

Site U1509

Samples 25R-CC and 27R-CC were assigned to the lower Oligo-
cene radiolarian Zone zRP15 based on the base of Eucyrtidium an-
tiquum (33.83 Ma) between Samples 27R-CC and 29R-CC (247.45 +
12.47 m). The base of Theocyrtis tuberosa (32.99 Ma), which deter-
mines the base of low-latitude Zone RP20b, was also observed be-
tween Samples 27R-CC and 29R-CC (247.45 + 12.47 m). The base of
Artophormis gracilis (32.54 Ma), which occurs in upper Zone
RP20b, was observed between Samples 25R-CC and 27R-CC
(224.43 £ 10.45 m). In Sample 25R-CC, Eocene restricted species
Buryella tetradica, Eusyringium fistuligerum, and Artobotrys biau-
rita were observed due to either reworking or contamination of the
sample in the laboratory. At this level, no reworking was observed in
other microfossil groups.

Based on nannofossil and planktic foraminifer biostratigraphy, a
late to early Eocene interval in Hole U1509A was determined from
249.77 to 410.14 m. The base of upper Eocene Zone zRP14 was
placed between Samples 32R-CC and 33R-CC (293.53 + 4.82 m)
based on the base of Eucyrtidium spinosum (38.15 Ma). This datum
constrains the upper boundary of a ~3 My hiatus at ~300 m. In
Sample 32R-CC, T. tuberosa is present. This species was found in
the upper Eocene at Site U1507 and at other sites in the southwest
Pacific (Pascher, 2017) and in the southern Atlantic and Indian
Ocean (Takemura, 1992; Takemura and Ling, 1997).

The base of middle Eocene Zone zRP13 (base of Zealithapium
mitra) and the top of A. biaurita were found between Samples 33R-
CC and 35R-CC (306.17 + 7.71 m), just below the hiatus. The low-
latitude age of both datums fits the age-depth plot better than the
mid-latitude age (Figure F41). The base of middle Eocene Zone
zRP12 was placed between Samples 41R-CC and 43R-CC (382.02 +
10.96 m) based on the base of E. fistuligerum. Based on nannofossil
and planktic foraminifer age-depth plots, the low-latitude age (43.9
Ma) for this datum fits the age model better than the mid-latitude
age (42.6 Ma) (Figure F41). Sample 43R-CC was assigned to Zone
zRP11 due to the absence of E. fistuligerum.

Table T7. Radiolarian distribution and abundance data, Site U1509. Down-
load table in CSV format.

Figure F23. Summary of ostracod preservation, abundance, and assemblage composition, Site U1509.
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No further radiolarian biostratigraphy was applied downhole for
the lower Eocene to Upper Cretaceous interval (407.04—689.67 m)
due to the scarcity of radiolarians. According to the age-depth plot,
bioevents for middle Eocene Zones zRP12 and zRP13 (bases of E.
fistuligerum and Z. mitra) are in better agreement with the timing
of the events in low latitudes than mid latitudes.

Palynology

A total of 18 core catcher samples from Hole U1509A were pro-
cessed and analyzed for their palynological content (Table T8), with
a particular focus on the mudstones of lithostratigraphic Unit II. Al-
though samples from Unit I yield some palynomorphs, those from
Unit II contain rich palynological associations. Subunit IIa assem-
blages consist almost exclusively of dinocysts, whereas Subunit IIb
assemblages contain mixtures of marine dinocysts and terrestrial
sporomorphs and phytoclasts (Figures F24, F25, F26, F27), as well
as occurrences of resin.

Claystones of lowermost Subunits Ila and IIb are barren of
planktic calcareous microfossils, but dinocyst biostratigraphy dates
them as Paleocene to Upper Cretaceous (Table T9). Furthermore,
semiquantitative analysis of the palynological assemblages provides
information for paleoenvironmental interpretations such as coastal
proximity. This information includes the relative proportions be-
tween inner neritic, outer neritic, and pelagic dinocysts; the abun-
dance of likely heterotrophic dinocysts; and relative contributions
of marine and terrestrial palynomorphs.

Table T8. Palynological assemblage data, Site U1509. Download table in CSV
format.

Figure F24. Selected dinocyst taxa. Scale bars = 50 um. A. Aiora fenestrata
(371-U1509A-50R-CC). B. Alterbidinium acutulum (60R-CC). C. Alterbidinium
pentaradiatum (67R-1, 5-7 cm). D, E. Areoligera sp. (67R-1, 5-7 cm). F. Cero-
dinium sp. A sensu Brinkhuis et al. 2003 (67R-1, 13-16 ¢cm). G. Cerodinium stri-
atum (60R-CC). H. Cordosphaeridium cpx (67R-1, 5-7 cm). |. Cordosphaeridium
cpx (67R-1, 5-7 cm).
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Figure F25. Selected dinocyst taxa. Scale bars = 50 um. A. Corrudinium sp.
(371-U1509A-39R-CC). B. Dapsilidinium pseudocolligerum (39R-CC). C. Dino-
gymnium sp. (67R-CC). D. Eisenackia circumtabulata type (64R-CC).
E. Eisenackia reticulata type (66R-CC). F. Eisenackia reticulata type (67R-1, 5-7
cm). G. Glaphyrocysta sp. (66R-CC). H, I. Impagidinium spp. (39R-CC).

Figure F26. Selected dinocyst taxa. Scale bars = 50 pm. A. Isabelidinium bak-
eri (371-U1509A-67R-CC). B. Manumiella seymourensis (67R-CC). C. Manumi-
ella seymourensis (70R-CC). D, E. Palaeocystodinium spp. (70R-CC).
F. Palaeoperidinium pyrophorum (50R-CC). G. Palaeoperidinium pyrophorum
(56R-CCQ). H, I. Senegalinium cpx (67R-1, 13-16 cm).
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Figure F27. Selected algal and sporomorph taxa. Scale bars = 50 um.
A. Palambages morulosa (371-U1509A-70R-CC). B. Bisaccate pollen grain
(67R-CC). C. Nothofagidites sp. (68R-CC). D, E. Trilete spores (67R-CC). F. Trilete
spore (70R-CC).

Cc

Table T9. Dinocyst and sporomorph distribution and occurrence data, Site
U1509. Download table in CSV format.

Stratigraphy

Oligocene samples from Subunit Ib yield no age-diagnostic di-
nocysts. One sample from Subunit Ic (356 m) records a dinocyst as-
semblage of likely Priabonian—Bartonian age, indicated by the
occurrence of Hemiplacophora semilunifera and by typical late to
middle Eocene forms of Corrudinium spp. This age agrees with age
constraints based on calcareous nannofossils and planktic foramin-
ifers.

A number of Paleocene biostratigraphic index taxa were found
in Subunit ITa. These include Cerodinium striatum and Palaeoperi-
dinium pyrophorum, which occur below 459 m and indicate an ex-
panded lower Paleocene sequence. Other taxa that support a
Paleocene age are Aiora fenestrata, Thalassiphora spp., Palaeo-
cystodinium golzowense, Eisenackia reticulata- and circumtabu-
lata-type, and several forms in the Cordosphaeridium—
Damassadinium morphological continuum. Notably, dinocysts in-
dicative of the earliest Danian, specifically 7. evittii and Senonias-
phaera inornata, were not found, nor were high abundances of P
pyrophorum. These findings seem to indicate that the Paleo-
gene/Cretaceous boundary is represented by a hiatus between Sub-
units ITa and IIb at ~614.1 m at a distinct lithologic break (see
Lithostratigraphy).

The uppermost sample in Subunit IIb, at 614.23 m, yields a typi-
cal Southern Hemisphere Maastrichtian assemblage (Thorn et al,,
2009) characterized by Manumiella spp., including Manumiella
seymourensis. A similar Maastrichtian age is indicated by taxa
throughout Subunit IIb, such as a wide range of Alterbidinium- and
Isabelidinium-like forms and Cerodinium sp. A sensu Brinkhuis et
al. (2003). Other taxa indicative of Cretaceous age are Dino-
gymnium spp. and Dinopterygium spp. The presence of these age-
diagnostic dinocyst taxa, in combination with a diverse and well-
preserved suite of sporomorphs (see below), shows potential for
postexpedition refinement of palynological biostratigraphy.
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Paleoenvironment
Oligocene-Eocene (5 samples; 115-407 m)

Of the five samples analyzed in the Oligocene—Eocene interval,
three are effectively barren of palynomorphs. The remaining two
samples contain well-preserved dinocysts and no terrestrial compo-
nents, except for the occasional phytoclast. One upper Oligocene
sample (115 m) contains dominant outer neritic Spiniferites spp.,
notably very large forms, and pelagic Nematosphaeropsis labyrin-
thus. Below this sample, one upper—middle Eocene sample (356 m)
is dominated by Impagidinium spp. and Spiniferites spp., indicating
full pelagic conditions. Of all the samples studied from Site U1509,
the assemblage of this sample represents conditions that are most
distal from the coast.

Paleocene (7 samples; 415-614.15 m)

Paleocene palynological assemblages consist almost exclusively
of dinocysts. Other components are the colonial alga Palambages
morulosa, some brown woody phytoclasts, and occasional pyritized
siliceous microfossils. In general, Paleocene dinocyst assemblages at
Site U1509 are similar to those from Ocean Drilling Program Site
1172 on the East Tasman Plateau (Brinkhuis et al., 2003) and to a
lesser extent those at DSDP Site 283 on the Tasman Abyssal Plain
(Haskell and Wilson, 1975). This similarity may indicate that re-
gional surface water masses were relatively well connected via
ocean currents in the Paleocene.

From 415 to 594 m, outer neritic Spiniferites spp. and Cleistos-
Phaeridium spp. dominate assemblages. More inner neritic dino-
cysts belonging to the Areoligera/Glaphyrocysta complex (cpx) were
found in the lower part of the section (609-614.15 m). This peak in
inner neritic taxa could be representative of a transgressive se-
quence (Schigler et al., 1997; Sluijs et al., 2008a).

Cretaceous (6 samples; 614.23-690 m)

In sharp contrast to the Paleocene assemblages, Cretaceous
claystones contain equivalent mixtures of marine (dinocysts, some
prasinophytes, the colonial alga P morulosa, and amorphous or-
ganic matter) and terrestrial (sporomorphs, phytoclasts, and some
resin) components. Both groups of palynomorphs are well pre-
served. The ratio of spores to dinocysts (a proxy for terrestrial in-
put; e.g., Sluijs and Dickens, 2012) varies between 0.4 and 1.4 (Table
T8). Large amounts of terrestrial input are further supported by rel-
atively high carbon to nitrogen (C/N) ratios (see Geochemistry).
The occurrence of resin, which is easily degraded, suggests the terri-
genous components have not been transported far. These findings
indicate deposition in a marine setting that was proximal to land.

Upper Cretaceous dinocyst assemblages are comparable with
those from Sites 1172 and 283. The assemblages are characterized
by large amounts of peridinioid dinocyst genera, including Alter-
bidinium- and Isabelidinium-like forms, Manumiella spp., Palaeo-
cystodinium spp., Cerodinium spp., and frequent small, nonspiny
peridinioid cysts that are typically grouped into the Senegalinium
cpx (Figures F24, F25, F26, F27). These cysts were likely produced
by dinoflagellates that required high nutrient conditions (Dale,
1996; Sluijs et al., 2005). Additionally, some of these taxa were likely
tolerant to low surface water salinities (Brinkhuis et al., 2006; Pross
and Brinkhuis, 2005; Sluijs et al., 2008b). Additional taxa include pe-
lagic Impagidinium spp. and outer neritic Spiniferites cpx.
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Because Upper Cretaceous—lower Paleocene deposits at Site
283 are void of terrestrial palynomorphs (Haskell and Wilson,
1975), it seems unlikely that sporomorphs were transported north-
ward to Site U1509 from Antarctica. Terrestrial palynomorph as-
semblages seem similar to time-equivalent flora from the Taranaki
Basin, New Zealand (Browne et al., 2008; Killops et al., 1995); Mid-
Waipara, New Zealand (Vajda et al., 2001); and southeast Australia
(Nagalingum et al., 2002). However, the high relative abundance of
sporomorphs seems to indicate a more nearby source of vegetation,
which could suggest that the surrounding rises were partially above
sea level during the Late Cretaceous.

Conclusions

Sediments obtained from Hole U1509A are Pleistocene to Late
Cretaceous in age based on nannofossils, planktic and benthic fora-
minifers, radiolarians, and palynomorphs. Reworking of late—mid-
dle Eocene microfossils was identified in the early Miocene-late
Oligocene (Cores 371-U1509A-8R through 15R). Late Eocene to
early Miocene taxa, in addition to shallow-water benthic foramini-
fers, were identified in Pleistocene Core 2R.

Five stratigraphic gaps were identified: a ~10.5 My gap between
the Pleistocene and early Miocene (nannofossil Zones NN19
through NN6; 2-12 Ma), a ~2 My gap in the middle—early Miocene
(Zones NN6 through NN4; 13.6—15.0 Ma), a ~3 My gap in the mid-
dle Eocene (Zones NP18 through NP16; 37.4—40.4 Ma), and two hi-
atuses in Core 45R that span ~5 My (middle to early Eocene;
Subzone NP15b through Zone NP12; 45.6-50.6 Ma) and ~2 My
(early Eocene to late Paleocene; Zones NP12 through NP9; 53.7—
55.9 Ma).

A lower bathyal-abyssal depth of deposition has been inferred
across the Pleistocene to Eocene sequence, and benthic foraminifers
indicate a slightly shallower middle to upper bathyal depositional
environment for the Paleocene interval.

Paleomagnetism

Pass-through paleomagnetic measurements were performed on
all archive-half sections from Site U1509. A total of 70 discrete sam-
ples were collected. Samples from the ooze interval in Subunit Ia
were taken by pushing 7 cm?® paleomagnetic cubes into sediment,
whereas all other samples were trimmed from cores as 2 cm x 2 cm
x 2 cm cubes. The natural remanent magnetizations (NRMs) of all
discrete samples were subjected to remanence measurement after
alternating field (AF) demagnetization, followed by anisotropy of
magnetic susceptibility (AMS) measurement.

Paleomagnetic results

Most sediment sections from Hole U1509A have relatively weak
NRMs, with intensity ranging between 10~* and 103 A/m (Figure
F28). Weak NRMs result in generally noisy pass-through paleo-
magnetic inclination data that do not show bimodal distribution
(Figure F29). Additionally, the pass-through measurements on Hole
U1509A cores may be biased by tilting of strata in multiple litho-
stratigraphic units and by the presence of slumps in Subunit Ib (see
Lithostratigraphy). Nonetheless, 42 out of 70 (60%) discrete sam-
ples gave reliable paleomagnetic results after AF demagnetization
(Figure F30). Therefore, the shipboard magnetostratigraphic inter-
pretation at Site U1509 is almost entirely based on paleomagnetic
directions obtained from discrete samples. To further evaluate the
reliability of the discrete sample—based characteristic remanent
magnetization (ChRM) directions, we plotted them on a stereo-
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Figure F28. Pass-through paleomagnetic data, Site U1509. Black dots = NRM
intensity and inclination, gray dots = inclination after 20 mT AF cleaning
interpolated by 10-point moving average (black line), red dots = inclination
of ChRM directions from discrete sample analysis. Magnetic polarity: black =
normal, white = reversed, gray = unidentified. Tentative correlation with
geomagnetic polarity timescale (GPTS2012) is shown.
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Figure F30. Vector endpoint demagnetization diagrams (Zijderveld, 1967) and AF demagnetization behavior for three representative discrete samples, Site
U1509. Open squares = projections onto vertical plane, solid squares = projections onto horizontal plane, blue lines = components fitted using selected data

points (red squares) by principal component analysis (Kirschvink, 1980).
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Figure F31. Stereographic projection of ChRM paleomagnetic directions
derived from discrete sample analyses, Site U1509. Dashed line = average
inclination (35.6°), associated with 95% confidence angle (+7.3°% gray band).
N = number of ChRM directions.
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graphic projection. The samples are characterized by a randomly
distributed declination (Figure F31), which is expected from RCB
coring. Using the approach by McFadden and Reid (1982), the aver-
age inclination for the combined upward- and downward-pointing
vectors is 35.6° (+7.3°)

Anisotropy of magnetic susceptibility

Samples from the ooze interval and part of the upper chalk in-
terval (Subunit Ia) have negative susceptibility values (i.e., domi-
nated by diamagnetic material such as carbonate), and AMS
measurements have large errors. Therefore, AMS results from these
samples were disregarded. Samples from the slumped calcareous
chalk interval (Subunit Ib; 99.6—139.28 m) were also excluded from
AMS analysis because of clear sediment distortion.

Samples from Subunit Ic and Unit II were trimmed in cubes
with precise orientation control. Orientation of the AMS tensor is
generally poorly defined. Nevertheless, the AMS tensor is generally
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Figure F32. AMS data for discrete samples, Site U1509. Top: stereoscopic
plot. Blue squares = K., axes, green triangles = ;. axes, purple circles = Kpn
axes. Mean directions of k.., (open square), Kk, (open triangle), and Ky,
(open circle) axes, shown along with their 95% confidence ellipses. N = num-
ber of samples. Bottom: corresponding lineation (Kp./Kin) Vs. foliation
(Kine/Kmin) data.
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oblate, with the k., axis statistically oriented perpendicular to the
horizontal plane (Figure F32). Dispersion of the k., axes around
the vertical axis is probably caused by tectonic tilting of strata after
sediment deposition and compaction (see Lithostratigraphy).
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Table T10. Magnetostratigraphic tie points, Site U1509. Download table in CSV format.

Site U1509

Top core, Bottom core, Top Bottom Midpoint
section, interval  section, interval Age depth depth depth
Chron boundary (cm) (cm) (Ma) CSF-A(m) CSF-A(m) CSF-A(m)
371-U1509A- 371-U1509A-
C11n.2n/C11r 19R-2, 14-16 20R-2,71-73 29.970 165.44 175.60 170.52
C11r/C12n 20R-2,71-73 21R-1,119-121  30.591 175.60 184.19 179.895
C12n/C12r 21R-1,119-121  22R-2,136-138  31.034 184.19 195.47 189.83
C12r/C13n 27R-1,106-108  28R-2,102-104  33.157 231.96 243.02 237.49
C13n/c13r 28R-2,102-104  29R-6, 85-87 33.705 243.02 258.49 250.755
C19r/C20n 38R-2,115 38R-3,0 42.301 339.14 339.40 339.27
Magnetostratigra phy F33). The decrease in porosity (¢p) with depth (z) (i.e., ¢ = P77

After integrating paleomagnetic data with biostratigraphy (see
Biostratigraphy and paleoenvironment), we correlated the nor-
mal polarity interval between Cores 371-U1509A-13R and 16R
(~110-140 m) with Chron C9n, although without assigning its base
or top (Figure F28; Table T10). This polarity zone is followed down-
core by two short intervals of normal polarity centered at ~165 and
184 m (Cores 19R and 21R) that likely correspond to Chrons Cl1ln
and Cl12n, respectively. The normal polarity interval at ~240 m
(Core 28R) correlates with Chron C13n. A reliable normal/reversed
paleomagnetic pattern centered at ~340 m in Core 38R in both
pass-through and discrete sample data correlates with the top of
Chron C20n (42.3 Ma). The lower claystone interval of Subunit ITb
is characterized by better pass-through data than the upper inter-
vals. Paleomagnetic inclination data from archive-half sections be-
tween ~640 and 690 m in Subunit IIb, although rather dispersed,
indicate sedimentation during normal geomagnetic polarity and are
supported by data from discrete samples (Figures F28, F30). Be-
cause biostratigraphic results (see Biostratigraphy and paleo-
environment) suggest a Maastrichtian (Upper Cretaceous) age for
this part of Hole U1509A, the normal polarity of cores from Subunit
IIb is tentatively correlated with either Chron C30n or 31n, which
collectively span 2.9 My from 66.4 to 69.3 Ma (Ogg, 2012).

Petrophysics

Hole U1509A cores were analyzed with the full suite of physical
properties measurements (see Petrophysics in the Expedition 371
methods chapter [Sutherland et al., 2019a]). Neither downhole tem-
perature nor wireline logging measurements were made. Measur-
able variations in physical properties arise from increasing
lithification and variations in composition, including calcareous
ooze, calcareous chalk, limestone, claystone, and layers containing
chert.

In Hole U1509A, P-wave velocity, bulk density, and porosity all
change slightly with depth in the calcareous sediments of Unit I.
The exception is a discrete, ~27 m thick layer limestone between
388 and 415 m, where bulk density and P-wave velocity increase by
~40% and porosity decreases from about 55% to about 40%. Physical
properties are approximately constant in the claystone of Unit II,
except NGR, which increases with depth and is variable in the lower
100 m of the unit.

Density and porosity

Bulk density was estimated using the gamma ray attenuation
(GRA) method on whole-round sections and the moisture and den-
sity (MAD) method on discrete samples from section halves (Figure
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has a best fit with ¢, = 61.8% + 0.8% and ¢ = 1952 + 140 m and is
similar to Taranaki mudstone (¢, = 54% and ¢ = 2000 m; Funnell et
al., 1996). Subunits Ia and Ib have higher porosity, which is expected
for shallowly buried calcareous ooze and chalk. Subunit Ic and Unit
II are consistent with the best-fitting exponential; however, the base
of Subunit Ic has lower porosity than expected.

The lithostratigraphic change from nannofossil ooze to nanno-
fossil chalk between Cores 371-U1509A-7R and 8R (58 m) cor-
relates with an increase in P-wave velocity (see below) but is not
associated with a distinctive change in bulk density, grain density, or
porosity. The ooze—chalk transition usually occurs at burial depths
of ~300 m, and the shallow depth of 58 m observed at Site U1509
may indicate that overburden has been removed by slumping. In
lithostratigraphic Subunit Ia (the uppermost 100 m), MAD bulk
density values vary between 1.55 and 1.80 g/cm?, grain density is
2.65—2.72 g/cm?, and porosity varies between ~60% and 70%. Poros-
ity variations are similar above and below the ooze—chalk transition.
The first notable change in MAD bulk density and porosity occurs
at ~139 m at the transition between Subunit Ib (chalk with abun-
dant soft-sediment deformation) and Subunit Ic (chalk and lime-
stone with biosilica), where bulk density increases downhole from
~1.60 to ~1.75 g/cm?®. Likewise, porosity decreases from 65% to 55%
at this depth. These variations could be due to soft-sediment defor-
mation rather than compositional changes, considering the invari-
ant nature of grain density through this interval.

In lithostratigraphic Subunit Ic (chalk and limestone), bulk den-
sity fluctuates between 1.65 and 1.90 g/cm?, mean grain density de-
creases downhole from ~2.70 to 2.60 g/cm? and mean porosity is
variable between 45% and 60% (139-388 m). At the ~27 m thick
limestone layer between 388 and 415 m, bulk density increases by
0.3 g/cm? and porosity decreases from ~55% to ~35%. In this layer,
grain density increases to 2.75 g/cm?, probably due to carbonate ce-
ment. Below this layer, in Unit II, bulk density and porosity remain
constant with depth and grain density values are <2.55 g/cm?, re-
flecting high clay content.

P-wave velocity

P-wave velocity was measured on whole-round sections (P-wave
logger [PWL]) and working-half sections (P-wave caliper [PWC])
(Figure F33). P-wave velocity (PWC) in the upper 50 m of Site
U1509 is 1500—1600 m/s in nannofossil ooze. Between 50 and 60 m
(ooze—chalk transition; see Lithostratigraphy), P-wave velocity in-
creases downhole to 1700-1800 m/s. Between 60 and 140 m, P-
wave velocity (PWC) varies from 1650 to 1800 m/s with local spikes
to 1900-2000 m/s. P-wave velocity is around 1800 m/s in the
nannofossil chalk with biosilica in Subunit Ic (140-380 m; see
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Figure F33. Bulk density, grain density, porosity, and P-wave velocity, Site U1509. Large dots = MAD and PWC values, small dots = whole-round section GRA
density and P-wave velocity (PWL). Horizontal line = lithostratigraphic unit boundary, dashed horizontal lines = subunit boundaries. For porosity, best-fitting

exponential decay curve (line) is shown (see text for details).
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Lithostratigraphy), where lithology and physical properties vary
little with depth. In the 390—-410 m interval, P-wave velocity (PWC)
increases to 2900 m/s in limestone with chert. Velocity values de-
crease sharply to ~1800 m/s by 420 m, which is below the boundary
between limestone (base of lithostratigraphic Subunit Ic) and clay-
stone (top of Subunit ITa). P-wave velocity (PWC and PWL) remains
approximately constant at ~1800 m/s throughout lithostratigraphic
Unit IL.

Magnetic susceptibility

Magnetic susceptibility was measured with the pass-through
system (loop magnetic susceptibility [MSL]) on all whole-round
sections and the point measurement system (point magnetic sus-
ceptibility [MSP]) on all section halves (Figure F34).

Magnetic susceptibility is low (generally <3 IU) throughout Hole
U1509A. In Subunit Ia, local spikes reach ~40 IU and correspond to
tuffaceous layers (e.g., Section 371-U1509A-11R-2; 89.6 m). A devi-
ation from the general trend occurs at ~270-290 m (Cores 31R
through 33R), where magnetic susceptibility values are highest.
This change in magnetic susceptibility is not reflected in any other
physical property or lithology changes. A gentle broad excursion to
5 IU occurs from 370 to 460 m across the Unit I/II boundary.
Slightly higher MSP values at 580—-610 m correlate with silt occur-
rence in the Unit II claystone (see Lithostratigraphy).

Natural gamma radiation

NGR was measured on all Hole U1509A whole-round sections
(Figure F34). The NGR data show a distinct difference between
Units I and II. Unit I has generally low values that increase slightly
with depth. NGR values are from 1 to 5 counts/s between 20 and
~100 m and decrease from 5 to 3 counts/s between ~100 and ~200
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m, followed by a step increase to ~5 counts/s at 190 m, where the
sediments contain biogenic silica (see Lithostratigraphy). Below
~200 m, the values are between ~3 and ~7 counts/s to the bottom of
Subunit Ic.

Higher NGR values vary significantly in the Unit II claystone. A
sharp downhole increase in NGR values occurs at the top of the unit
to ~20 counts/s. Values then decrease to ~8 counts/s by ~480 m,
range between ~7 and 15 counts/s at 480—580 m, and then gradually
increase to ~25 counts/s to the base of Subunit IIa (615 m). The rel-
atively high values in intervals 415-480 and ~580-615 m are
correlated with silt occurrence in the claystone (see Lithostratigra-
phy). NGR values are variable in Subunit IIb between 15 and 30
counts/s, with a highest spike at 652 m.

Thermal conductivity and temperature

Thermal conductivity measurements were made on the domi-
nant lithology in each core. Thermal conductivity is about 1.2
W/(m-K) to 139 m (lithostratigraphic Subunit Ib/Ic boundary).
Throughout much of Subunit Ic, thermal conductivity varies be-
tween 1.3 and 1.4 W/(m-K), and, like most other physical properties,
it increases at the base of Subunit Ic (between 380 and 430 m),
where values are between 1.4 and 1.6 W/(m-K) in the limestone unit
with biosilica. Through the remainder of Unit II, thermal conduc-
tivity varies between 1.2 and 1.3 W/(m-K).

Because no APC coring occurred at Site U1509, no in situ tem-
peratures were measured.

Sediment strength

Sediment strength was measured with both the automated vane
shear and penetrometer on Cores 371-U1509A-2R through 7R
(0.0-58.1 m) (Figure F35). Vane shear strength increases from ~12
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Figure F34. Magnetic susceptibility (MSL and MSP), NGR, and L*, a*, b*, Site U1509.
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Figure F35. Strength, Site U1509. A. Shear strength measured by automated
vane shear. B. Compressive strength measured using pocket and needle
penetrometers.
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kPa near the seafloor to ~30 kPa at ~50 m. Compressive strength
increases from ~0 kPa near the seafloor to between ~25 and ~120
kPa by ~50 m and then sharply decreases to ~25 kPa below 50 m.
Sediments below ~58 m (Core 8R) are too hard to penetrate with
the tool because lithology changes downhole from ooze to chalk
(see Lithostratigraphy).

Color spectrophotometry

Color reflectance variation in Hole U1509A can be divided into
three intervals with a baseline shift at the base of each. Between 0
and ~100 m (lithostratigraphic Subunit Ia), L*, a* and b* values vary
between 65 and 85, -1 and 4, and -5 and 2, respectively. An ooze—
chalk transition at ~60 m coincides with a change in downhole color
gradient in the middle of this interval. At around 100 m, reflectance
values are offset. The largest offset is in a* values, which change
from 0-2 to 1-3 (more reddish). Between ~100 and 415 m (litho-
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stratigraphic Subunits Ib and Ic), L* (55-80), a* (-1-3), and b* (-4—
2) values vary with small-scale fluctuations. A distinct baseline shift
occurs at 415 m at the top of lithostratigraphic Subunit IIa, where L*
values decrease to 35-50, a* values increase to 0—2, and b* values
are —5-0. In the claystone in Subunit IIb, L* values indicate a darker
(20-40) color and a* values indicate a more reddish color.

Two-way traveltime to depth conversion

Using a combination of P-wave velocity and bulk density data
obtained from core measurements, acoustic impedance and a syn-
thetic trace (Figure F36) were computed (see Petrophysics in the
Expedition 371 methods chapter [Sutherland et al., 2019a]). Be-
cause little unlithified material was cored at Site U1509, data are not
rebound corrected. The synthetic trace was compared with a trace
extracted from the multichannel seismic (MCS) data. Where prom-
inent reflections on the seismic trace and the synthetic trace are
well correlated, two-way traveltime (TWT) depth points were se-
lected (red circles in figure and listed in Table T11).

The impedance against TWT plot (Figure F36) shows one
anomalous layer that corresponds to the limestone at the base of
lithostratigraphic Subunit Ic. A positive reflection (D) occurs at the
top of the layer, and a negative reflection (D*) occurs at the base.
Ties to reflections from the top and bottom of this layer give confi-
dence in the TWT with depth relationship calculated for the bore-
hole (see Petrophysics in the Expedition 371 methods chapter
[Sutherland et al., 2019a]).

A strong negative reflection (E) occurs just below the limestone
layer at 4.376 s TWT and has a computed depth of ~440 m. The
reflection is interpreted to occur at a boundary in a claystone layer
(see Lithostratigraphy). The laboratory-measured physical proper-
ties do not resolve low P-wave velocity or density at this depth, and
we suggest that nonrecovered material or in situ properties such as
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Figure F36. Core data compared with MCS Line TAN1409_NCTS_02, Site
U1509. A. Impedance calculated from PWC P-wave velocity and MAD density
data vs. TWT. Thin horizontal line = lithostratigraphic unit boundary, dashed
horizontal lines = subunit boundaries. B. TWT calculated from depths below
seafloor and P-wave velocity data. Numerical approximation for TWT (t) with
depth (2) is given by z = 19.465t% +k 984.26t. Circles = positions of strong
reflectors shown in C and D (red = strongly correlated, open = weakly cor-
related), dashed lines = fit between seismic data in D and synthetic trace in
C. C. Synthetic seismograms (red) and MCS trace data at CDP 1239 (black).
Seismic Reflectors D-E and seafloor (SF) are labeled. D. MCS data.
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Table T11. Seismic reflectors, two-way traveltimes (TWTs), and depths for
reflectors identified on multichannel seismic data, Site U1509. Major seis-
mic reflector depths are estimated from synthetic modeling of physical
properties. Reflectors are shown in Figure F36. Download table in CSV for-
mat.

Seismic  TWT  TWT below Total Depth below
reflector (s) seafloor (s) depth (m) seafloor (m)
SF 3.883 0 2942 0
D 4.31 0.427 3320 378
D* 4.35 0.467 3358 416
E 4.376 0.493 3382 440

fracturing or bedding parallel faulting in the claystone may be re-
ducing the velocity and/or density in this layer.

Geochemistry

The geochemistry program at Site U1509 in the south NCT was
designed to characterize the composition of pore water and solid
sediment and to assess the potential presence of volatile hydrocar-
bons. Site U1509 has a relatively thin Cenozoic sedimentary cover
overlying thicker and older strata (see Background and objectives).
Pore water should record indications of diagenesis due to dissolu-
tion of primary components and precipitation of secondary authi-
genic minerals. The latter is especially important for assessing
potential modifications to sedimentary components employed for
paleoceanographic reconstructions, including biogenic carbonate
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Table T12. Gas elements data, Site U1509. Download table in CSV format.

and magnetic minerals. Organic-rich rock that produces thermo-
genic gases is known from depth in the Taranaki Basin to the south-
east and might have lateral equivalents in the NCT (Uruski et al.,
2004, Uruski, 2010; Stagpoole, 2011). Thus, downhole chemical
profiles might also give indications of gases migrating from depth.

Headspace hydrocarbon gases

A total of 74 headspace (HS) gas samples were taken, typically
one from every core in the top of the last section or core catcher.
Some HS samples from below 450 m were measured multiple times
to assess reproducibility.

Light hydrocarbon gas concentrations were below the detection
limit for the upper 340 m. Below this depth, methane (CH,) concen-
tration generally increases downhole to a high of 15,034 parts per
million by volume (ppmv) at 617 m (Table T12; Figure F37). From
417 m downbhole, the increase in CH, is accompanied by increasing
ethane (C,H) and propane (C;Hg) concentrations to maxima of 91
and 21 ppmv, respectively, at 670 m. Scatter in the gas profiles is at-
tributed to the sampling method (see Geochemistry in the Expedi-
tion 371 methods chapter [Sutherland et al., 2019a]), including the
loss of gas during core recovery and handling and potentially large
differences in the volume of sediment (and pore space) placed into
vials.

Interstitial water analyses

A total of 23 interstitial water (IW) samples were collected from
Site U1509 (Table T13). The deepest IW sample came from 456 m.
We were not able to extract I'W samples from the bottom 150 m of
the hole, even after precrushing 20 cm long whole-round samples.
One mudline sample was collected from above Core 371-U1509A-
4R; however, this mudline sample is mostly drilling fluid rather than
bottom seawater. Therefore, this sample was not regarded to be a
true mudline sample. Its chemistry is displayed in Table T14 in the
Expedition 371 methods chapter [Sutherland et al., 2019a]). The
downhole IW chemistry profiles start at 21 m.

Salinity, pH, and alkalinity

Salinity decreases steadily downhole, whereas the pH and alka-
linity profiles mirror each other, with significant variations at the
100-200 m scale (Table T13; Figure F38). Salinity is 35.5 at 21 m,
the same as that in the overlying surface seawater (see Table T14 in
the Expedition 371 methods chapter [Sutherland et al., 2019a]), and
decreases to 31.0 at 456 m. pH decreases from 7.76 at 21 m to 7.55
at 213 m; below this depth, pH increases to 7.71 at 313 m, decreases
to 7.62 at 369 m, and increases again to 7.71 at 392 m. Alkalinity
increases from 3.97 mM at 21 m to 6.80 mM at 213 m; below this
depth, alkalinity decreases to 3.68 mM at 313 m, increases to 4.65
mM at 369 m, and decreases to 2.29 mM at 392 m.

Sulfate and ammonium

In general, the SO,*> and NH,* concentration profiles mirror
each other, with SO,*~ decreasing and NH," increasing downhole
(Table T13; Figure F37). SO,2- and NH,* concentrations are 27.6
mM and 67.5 pM, respectively, at 21 m, which is significantly differ-
ent from concentrations in the International Association for the
Physical Sciences of the Oceans (IAPSO) standard seawater (i.e.,
29.1 mM and 8.9 uM, respectively) (see Table T14 in the Expedition
371 methods chapter [Sutherland et al., 2019a]). Below this depth,
SO,2 decreases monotonously to 0.8 mM at 456 m. In contrast,
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Figure F37. Methane in bulk sediment and sulfate, ammonium, and barium in IW, Site U1509.
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Table T13. Interstitial water chemistry, Site U1509. Download table in CSV
format.

NH," concentration increases to a maximum of 1364 uM at 335 m
and then decreases to 915 pM at 456 m.

Calcium, magnesium, and potassium

Dissolved Ca concentration behaves differently above and below
~200 m, whereas dissolved Mg and K concentrations both show de-
creasing trends downhole (Table T13; Figure F38). Ca, Mg, and K
concentrations start at 10.8, 51.2, and 10.5 mM, respectively, at 21 m.
These values are similar to those in surface seawater (i.e., 10.6, 54.3,
and 10.3 mM) (see Table T14 in the Expedition 371 methods chapter
[Sutherland et al., 2019a]). Below 21 m, Ca concentration increases
downhole to a maximum of 16.6 mM at 213 m. Below this depth, Ca
decreases to 13.0 mM at 392 m and then increases to 14.8 mM at 456
m. Mg concentration decreases linearly at a gradient of 0.10, 0.07,
and 0.02 mM/m at 21-234, 234-297, and 297-456 m, respectively. K
concentration decreases slightly from 10.5 mM at 21 m to 9.8 mM at
161 m, decreases linearly with a gradient of 0.01 mM/m to 7.1 mM at
392 m, and finally decreases to 5.7 mM at 456 m.

Chloride, bromide, and sodium

The Cl- and Na concentration profiles share similar decreasing
trends downhole, whereas Br- concentration shows an inflection at
259 m (Table T13; Figure F38). Cl- and Na concentrations decrease
from 564 and 485 mM, respectively, at 21 m, which is slightly lower
than concentrations in the seawater (see Table T14 in the Expedi-
tion 371 methods chapter [Sutherland et al., 2019a]), to 549 and 467
mM, respectively, at 456 m. Br- concentration minimally increases
from 0.88 mM, the same concentration as seawater, to 0.91 mM at
259 m and then decreases to 0.88 mM at 456 m.

Strontium, lithium, and barium

The Sr, Li, and Ba concentration profiles display large changes
downbhole, although at different depths with different magnitudes
(Table T13; Figures F38, F37). For reference, dissolved concentra-
tions of these elements in the IAPSO standard seawater are 89, 26.2,
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and 0.77 pM, respectively (see Table T14 in the Expedition 371
methods chapter [Sutherland et al., 2019a]). Sr concentration in-
creases from 132 pM at 21 m to 1148 pM at 369 m. Below 369 m, Sr
decreases linearly to 805 pM at 456 m. Li concentration increases
from 25.1 pM at 21 m to 171.1 pM at 278 m and then decreases
slowly to 134.1 uM at 456 m. Ba concentration is consistently <1 uM
from 21 to 234 m. Below this depth, Ba increases gradually to 8.6
MM at 369 m, increases sharply to 414.7 uM at 435 m, and finally
decreases slightly to 338.7 uM at 456 m. Such extreme values exceed
Sr, Li, and Ba concentrations in seawater by more than 12, 6, and
500 times, respectively.

Boron and silica

The B and H,SiO, concentration profiles show significant varia-
tions downhole (Table T13; Figure F38). B concentration averages
450 pM between 21 and 213 m, only slightly higher than the 445 uM
of standard seawater (see Table T14 in the Expedition 371 methods
chapter [Sutherland et al.,, 2019a]). Below 213 m, B oscillates be-
tween 364 and 514 pM. H,SiO, concentration is 623 pM at 21 m,
over 13 times higher than that in standard seawater. Below 21 m,
H,SiO, concentration increases to a maximum of 1287 uM at 369 m
and decreases to 579 at 456 m.

Iron and manganese

Dissolved Fe concentration shows significant variation with
depth, whereas dissolved Mn concentration mostly remains <1 pM
(Table T13; Figure F38). Fe concentration is <1.0 pM above 61 m
and below 297 m; Fe generally exceeds 1.0 pM in the middle part of
the hole, with a maximum value of 4.7 uM at 213 m.

Bulk sediment geochemistry

Bulk sediment contents correspond well to lithostratigraphic
units (Table T14; Figure F39). Unit I is characterized by high Ca-
CO; contents that generally decrease downhole from about 94 wt%
at 20 m to about 65 wt% between 360 and 380 m. Although the pro-
file is relatively smooth across the uppermost 200 m, greater vari-
ability between adjacent samples (~10 wt%) was found in the lower
part. Carbonate contents decrease drastically in the transition from
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Figure F38. IW chemistry, Site U1509. Sulfate concentrations do not become below detection limit at SMT zone, which may result from a calibration issue.
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Table T14. Bulk sediment geochemistry, Site U1509. Download table in CSV Discussion

format.

Unit I to Unit II (415 m) to values averaging 18 and 0.5 wt% in Sub-
units IIa and IIb, respectively. In contrast, organic carbon contents
are low throughout Unit I and Subunit IIa (0.28 + 0.18 wt%) and
much higher in Subunit IIb (1.04 + 0.15 wt%). In Upper Cretaceous
Subunit IIb, nitrogen contents also increase above the detection
limit to 0.05 £ 0.01 wt%. Thus, atomic C/N ratios are approximately
22, strongly indicating a predominantly terrestrial organic carbon
source (Meyers, 1994).
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Hydrocarbon gases

Elevated light hydrocarbon gas concentrations at depth resem-
ble the findings at Site U1508 but reach higher maxima. Note that
particulate organic carbon contents are mostly <0.5 wt% in the up-
per ~600 m at both sites. Such values are common to open ocean
settings and probably insufficient to generate significant in situ gas.
More likely, thermogenic gases produced from organic-rich sedi-
ment below the recovered sequence are migrating from depth. Al-
though microbial processes predominantly produce methane,
thermogenic hydrocarbon gases are characterized by relatively ele-
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Site U1509

Figure F39. Bulk sediment profiles of CaCO,, total carbon (TC), total inorganic carbon (TIC), total organic carbon (TOC), and total nitrogen (TN), Site U1509.
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vated concentrations of the heavier ethane and propane. For this
purpose, the methane/ethane ratio (C,/C,) is typically employed to
deduce the origin of hydrocarbon gases in the context of downhole
temperature (Pimmel and Claypool, 2001).

At Site U1509, the C,/C, ratio decreases with depth from ~1700
at 417 m to ~130 at the bottom of the hole (Table T12; Figure F40).
Because no direct thermal measurements were performed at Site
U1509, we extrapolated downhole temperature gradients from Sites
U1507 and U1510 (see Petrophysics in the Site U1507 chapter and
Petrophysics in the Site U1510 chapter [Sutherland et al., 2019c,
2019¢]). Interestingly, if the warmer geotherm from Site U1510 is
used, the C,/C, profile at Site U1509 corresponds better to that at
Site U1508. Regardless of the geotherm used, however, relatively
low C,/C, ratios relative to sediment temperature, together with the
presence of propane (Table T12), corroborate a scenario in which
thermogenic gases migrate upward from depth.

Sulfate reduction

The coupled changes in SO,* and NH,* in the upper ~370 m
may support limited organoclastic sulfate reduction of particulate
organic carbon. However, despite the depth, the nearly linear drop
in SO,? concentration to <1.0 mM at ~370 m suggests a deep sul-
fate—methane transition (SMT) and a depth where anaerobic oxida-
tion of methane presently occurs. These processes are presented
and discussed in Geochemistry in the Site U1508 chapter (Suther-
land et al., 2019d).

Other elements

The chemistry profiles for some species (e.g., Ca, Mg, SO,2-, and
Sr) exhibit inflections at 213 m. The coupled changes in pH, alkalin-
ity, and dissolved Ca concentrations with similar amplitudes suggest
dissolution of CaCO; dominant above 213 m and precipitation of
authigenic CaCO; dominant below that depth. Furthermore, plank-
tic foraminifer abundance changes from dominant and abundant to
fair at ~190 m (see Biostratigraphy and paleoenvironment).

Dissolved H,SiO, concentration peaks near 369 m, and both
radiolarian abundance and preservation decrease significantly at
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Figure F40. Methane/ethane (C,/C,) ratio gradient with sediment tempera-
ture, Expedition 371.
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~400 m (see Biostratigraphy and paleoenvironment), suggesting
dissolution of biogenic silica and diffusion of H,SiO, with different
gradients upward and downward. Indeed, a thin layer of cherty
limestone occurs at ~370 m (see Lithostratigraphy); it may impede
diffusion of dissolved species and may have also slowed down the
migration rate of hydrocarbon gases upward.

Age model and sedimentation rates

Site U1509 contains a 689 m thick sequence of Pleistocene to
upper Cretaceous nannofossil ooze, chalk, and claystone divided
into three main lithostratigraphic units. Calcareous nannofossil da-
tums found in Unit I and Subunit IIa provide first-order age control.
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Site U1509

Figure F41. Sedimentation accumulation over time, Site U1509. A. Core recovery. B. Shipboard biostratigraphic and magnetostratigraphic datums and inter-
preted age-depth model. C. LSR and total MAR. Horizontal line = lithostratigraphic unit boundary, dashed horizontal lines = subunit boundaries.

One agglutinated foraminifer datum marks the top of carbonate-
free Subunit IIb. Using these datums, linear sedimentation rates
(LSRs) and mass accumulation rates (MARs) were calculated for
Site U1509 on the core depth below seafloor (CSF-A) depth scale
from 0 to 66 Ma (Table T3; Figure F41) (see Biostratigraphy and
paleoenvironment).

Sedimentation rates at Site U1509 are highly variable (1-135
m/My). This overall record includes several stratigraphic gaps, no-
tably one spanning the early to middle Eocene (56—45 Ma) and one
spanning the middle Miocene to Pliocene (13-2 Ma). Unusually
high sedimentation rates in the early Paleocene, early Oligocene,
and middle Miocene could indicate sequence thickening by tectonic
activity (see the Expedition 371 summary chapter [Sutherland et
al,, 2019b]).
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Late Cretaceous to Paleocene LSRs are about 6 m/My, inter-
rupted by high LSRs of 30 m/My from 61.5 to 59 Ma. Exceptionally
high LSRs of over 100 m/My occur in the clay-rich interval from 450
to 575 m and centered at 59.5 Ma. Following the early to middle Eo-
cene hiatus, LSRs are ~20 m/My in the middle to late Eocene and
Oligocene, except for a hiatus from 40 to 38 Ma. LSRs then decrease
to ~10 m/My during the early Miocene. LSRs of ~15 m/My occur in
the mid- to late Pleistocene.

Similar to most time intervals at Expedition 371 sites, LSRs and
MARs closely mimic each other with respect to age because MARs
are calculated from dry bulk density and LSR, but variations in the
latter are much more pronounced. For the noncondensed intervals,
MARSs average 3 g/cm?/ky during the early to middle Eocene and 2
g/cm?/ky during the Oligocene to Pleistocene. Site U1509 MARs are
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similar to those at Site U1508. The primary difference compared
with other Expedition 371 sites is that no sediments were deposited
during the late Miocene to early Pliocene biogenic bloom at Site
U1509.
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