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Background and objectives

Site U1467 (proposed Site MAL-9A) is the easternmost site
drilled in the Inner Sea of the Maldives during International Ocean
Discovery Program (IODP) Expedition 359. It is located at
4°51.0274'N, 73°17.0223'E, at a water depth of 487 m; it lies 24.8 km
east of the eastern end of the northern transect and 29.4 km east of
the eastern end of the southern transect (Figure F1). Cores from
this site record a 630 m thick succession of drift deposits (Figure F2)
lining the southern flank of the Kardiva Channel. The main objec-
tives at this site were (1) to constrain the timing of sequence bound-
aries in the drift succession, (2) to precisely date the onset of drift
deposition so that we could analyze the cyclostratigraphy of carbon-
ate drift deposits and reconstruct changes in the current regime and
monsoon cyclicity, and (3) to recover an undisturbed sedimentary
sequence for further paleoceanographic studies.

The mid-Miocene to recent drift succession contains several se-
quences that are likely caused by fluctuations in the current system
flowing through the Kardiva Channel. Dating these sequence
boundaries will provide the ages of changes in current strength and
direction. Linking these physical stratigraphic data with post-
expedition sedimentological and geochemical data will address the
question of changes in monsoon intensity. Moreover, the peri-
platform sediments deposited at this site offer the opportunity to
retrieve a complete §'3C record through the middle Miocene that
together with the other Expedition 359 sites will provide another
data set of the carbon isotopic record needed to calibrate the peri-
platform record against the pelagic record.

Operations

Transit to Site U1467

The short transit from Site U1465 to Site U1467 was completed
in 2 h at 8.5 kt. At 2045 h on 28 October 2015, the ship was under
dynamic positioning (DP) control over the site coordinates. We pre-
pared an advanced piston corer (APC)/extended core barrel (XCB)
bottom-hole assembly (BHA) including a nonmagnetic drill collar
for oriented piston coring and a mechanical bit release (MBR) for
eventual wireline logging and as insurance for freeing a stuck BHA.

Hole U1467A

Hole U1467A was spudded at 0055 h on 29 October 2015 with
the bit positioned at 481 meters below sea level (mbsl). Core 1H re-
covered 3.5 m and established a seafloor depth of 487 m. Oriented
piston coring continued through Core 4H to 32.0 meters below sea-
floor (mbsf); a single formation temperature measurement (with
the advanced piston corer temperature tool [APCT-3]) was made
while recovering Core 3H at 22.5 mbsf. Right from the start, the cor-
ing system was not behaving normally. Barrels were seating high
and then dropping down while under 300—400 psi pressure; the re-
sultant jarring impact caused the shear pins to shear and the barrels
to fully stroke. To free the core barrels, 5000 Ib of overpull was nec-
essary. In an attempt to determine whether there was some sort of
blockage or a broken flapper valve, an XCB core barrel was de-
ployed. This barrel also landed high and also experienced an initial
5000 Ib overpull. Convinced that something was wrong in the BHA,
we decided to abandon the hole, recover the drill string, and inspect
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the coring assembly. The bit arrived back on the rig floor at 0900 h was damaged, which was why the wireline barrels were jamming
on 29 October. Upon inspection of the coring tools, the MBR, float upon deployment and recovery. The latch sub and sleeve were re-
valve, and landing shoulders were all determined to be in good placed. The drill string was deployed back to the seafloor, and Hole
shape, but further inspection determined that the XCB latch sleeve U1467B was spudded at 1430 h.

Figure F1. Location map of Site U1467.
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Figure F2. Seismic section, Site U1467. Blue horizon marks the boundary between predrift and drift sequences. CDP = common depth point.
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Hole U1467B

In Hole U1467B, Core 1H recovered 3.46 m and established a
water depth of 487 m. Oriented APC coring continued through
Core 37H to 338 mbsf. Formation temperature measurements
(APCT-3) were made while taking Cores 3H, 5H, 7H, and 9H (22.5,
41.5, 60.5, and 79.5 mbsf, respectively); however, all the temperature
measurements appear to be erroneous. At 2100 h on 29 October
2015, after reaching refusal with the half-length APC (HLAPC)
(Core 42F at 361.4 mbsf), coring was suspended in order to test the
Motion Decoupled Hydraulic Delivery System (MDHDS) and Elec-
tronic RS (ERS) overshot system.

The MDHDS is being developed for use when deploying the
temperature dual-pressure tool (T2P); however, it can also be used
to deploy the Sediment Temperature Tool (SET), SET2, and sedi-
ment temperature/pressure tool (SETP). The ERS will also be useful
for deploying future CORK thermistor strings. Both systems are de-
ployed with the conductor cable or “wireline” that is used primarily
for downhole logging. The MDHDS system was assembled and
hung off at the rig floor, and the ERS was attached to the top of the
MDHDS. The system was deployed into the hole using the wireline,
but all communication with the ERS was lost and the tool had to be
recovered back to the rig floor. Subsequent testing indicated that a
component had failed in the ERS electronic module. This was re-
paired, and the tool was deployed back into the hole. During the de-
scent, however, a concern was raised about the compatibility of the
MDHDS/SET system with the standard MBR and float valve assem-
bly in the deployed BHA. The MDHDS is designed to be deployed
through a lockable float valve (LFV) and was deployed in this man-
ner on a previous expedition. In this case, a MBR was being run in
lieu of a LFV because it provided another way to free up the drill
string should it become stuck in the hole. The test was suspended,
and after an assessment, it appeared the MDHDS system was com-
patible. The SET tool being deployed was also compatible as long as
the shear pins were not sheared in the SET tool, as would be the
case when taking a normal temperature measurement. There was
no plan to do this during the MDHDS test; however, there was some
concern that if the shear pins accidentally sheared and the SET tool
scoped out, it would be impossible to recover it inside the BHA be-
cause the float valve flapper engages a square shoulder. Because of
this potential risk to a high-value hole, the test was suspended and
the tools were pulled out of the hole. The system was back at the rig
floor just before 0300 h on 31 October.

Continuous oriented APC coring resumed and continued until
0615 h on 31 October, when Core 45H reached 389.9 mbsf. Core
45H achieved a full stroke, but at 100,000 lb overpull the barrel re-
quired drillover with the XCB core bit. Coring then continued using
the HLAPC through Core 61F to 465.1 mbsf. Coring with the
HLAPC was suspended when the last two cores each had 100,000 1b
overpull and required drillover. At 1530 h, we switched to the XCB
coring system. Coring continued through Core 77X to 617.2 mbsf
(see Figure F1 in the Expedition 359 summary chapter [Betzler et
al,, 2017b]). At that time, the assistant driller noted that he was get-
ting high (10,000 1b) overpull when recovering XCB core barrels.
The HLAPC was deployed, and this barrel landed high. After pres-
suring up the drill string, the shear pins prematurely sheared at 400
psi (upon impact) after being pushed through the XCB double win-
dow latch sleeve. These were the same symptoms experienced ear-
lier in Hole U1467A with the XCB latch sleeve. With the hole only
97 m from the desired total depth, a meeting was called with the
Co-Chief Scientists and technical personnel to discuss options. We
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decided to stop coring Hole U1467B, recover/repair the BHA, and
modify the plan for Hole U1467C. APC coring to 200 m was already
planned for Hole U1467C, so we planned to add drilling to ~610 m,
XCB coring to the target depth, and wireline logging.

Hole U1467C

The drill string was recovered, the XCB latch sleeve was re-
placed, the ship was offset 20 m north of Hole U1467B, and Hole
U1467C was started at 1620 h on 1 November 2015. Core 1H estab-
lished a seafloor depth of 487 m. By 0000 h on 1 November, we ex-
tended coring to 111.2 mbsf (Cores 2H-12H). Coring continued the
next day using the APC coring system through Core 22H to 198.7
mbsf. The XCB was then used to drill ahead to 325.8 mbsf before a
center bit had to be deployed. The XCB with center bit advanced to
578.6 mbsf, and the center bit was recovered via wireline. At 2030 h
on 2 November, XCB coring was initiated, and it continued through
Core 37X to 714.0 mbsf, the Environmental Protection and Safety
Panel-approved depth for the site (see Figure F1 in the Expedition
359 summary chapter [Betzler et al., 2017b]). A mud sweep was cir-
culated to clean the hole one final time, and the drill string was re-
covered and spaced out for wireline logging with the bit placed at
101.8 mbsf.

At 1400 h on 3 November, wireline logging began. As the triple
combo tool string was being made up, the rig crew noted backflow
of water coming from the tool joint at the rig floor. The triple
combo tool string was removed so we could add heavy mud in the
drill pipe to prevent further backflow. While attempting to reinsert
the tool string, a fiberglass connection on the bottom of the mag-
netic susceptibility tool broke off and the connected LFV go-devil
fell through the drill string. This was not a significant concern be-
cause these go-devils were free-fall deployed in the past. After man-
ufacturing a new fiberglass connector sleeve and changing out the
magnetic susceptibility sonde with the onboard spare, the triple
combo tool string was redeployed. The tool string was run to the
total depth of the hole (714 mbsf) without any problems. After com-
pleting the first logging run, it was determined that the borehole di-
ameter was too large (>17 inches) for collecting useful data with the
Formation MicroScanner (FMS)-sonic and Versatile Seismic Im-
ager (VSI) tool strings. Therefore, the triple combo tool string was
recovered and the tools were rigged down. We then decided to drill
a dedicated logging hole utilizing a 9% inch tricone drill bit after
completing one additional APC hole to ~200 mbsf. The drill string
was pulled clear of the seafloor at 0010 h on 4 November.

Hole U1467D

The top drive was picked up, the drill string was spaced out to
1.5 mbsf, and coring in Hole U1467D started at 0130 h on 4 Novem-
ber 2015. This space-out was used to spread out the breaks between
cores in adjacent holes to enable the recovery of a complete section
for paleoceanographic studies. APC coring (not oriented) contin-
ued through Core 22H to 201.0 mbsf. The drill string was then re-
covered on ship, with the bit arriving on the rig floor at 1325 h on 4
November.

Hole U1467E

Our final operation at Site U1467 was to drill a dedicated log-
ging hole. The ship was offset 20 m east of Hole U1467A. The BHA
was changed to a noncoring drill bit, and the drill string was low-
ered back to the seafloor. The top drive was picked up, and the drill
string was spaced out using an offset seafloor depth of 498.4 mbsf
taken from Hole U1467A. Drilling in Hole U1467E started at 1710 h
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on 4 November 2015. This dedicated logging hole was drilled with-
out coring to 714.0 mbsf in 25 h. A mud sweep was circulated to
clear cuttings out of the hole, and two wireline runs were made to
release the bit at the bottom of the hole and reverse shift the MBR
sleeve. Because of the stability seen in the previous holes at this site
and while drilling the hole, we decided that a wiper trip was not
necessary, and there was no need to displace the hole with heavy
mud. The drill string was raised up the hole, and the end of the pipe
was placed at 98.6 mbsf. We started rigging up for wireline logging
at 2230 h on 5 November. The triple combo was run into the hole
and reached the total depth at 714.0 mbsf. Caliper logs from this de-
ployment indicated a hole diameter of 11-17 inches. The triple
combo tool string was recovered and rigged down by 0600 h on 6
November. Taking advantage of daylight and following the marine
mammal protection protocol, the vertical seismic profile (VSP) ex-
periment was conducted next. The VSI tool was able to reach ~684
mbsf or ~30 m off bottom, apparently because of fill in the borehole,
and data were collected uphole from there. A very good signal was
received at each VSP station, thus providing the necessary informa-
tion for an accurate time-depth conversion for comparison of seis-
mic and downhole (core and logging) data. The FMS-sonic tool
string was deployed at 1200 h on 6 November and reached 664
mbsf, where it stopped because of further fill at the bottom of the
borehole. One of the four FMS pads was not recording accurate data
because it was covered with grease, which prevented good contact
between the pad and the borehole wall. After the FMS-sonic data
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were obtained, the tool string was recovered and rigged down by
1900 h on 6 November.

The rig floor was secured from logging operations by 2000 h,
and by 2015 h the upper guide horn was raised in preparation for
pressure testing the new fiber optics—based subsea camera system.
The camera was deployed down the drill string to the seafloor. This
system was installed prior to the last expedition (356); however, be-
cause of the shallow-water operating depths, the system has only
been tested to ~90 meters below rig floor (mbrf). We needed to test
this system prior to the next expedition (360), which will require
multiple deployments of the system for making bit changes in the
course of drilling a single 1500 m rotary core barrel (RCB) hole into
gabbro in ~700 m of water. Testing the camera system at Site U1467
(473 m) indicated that the system is 100% operational. The camera
was back on board and secured within 1 h, and the drill string was
pulled clear of the seafloor and recovered to the ship. After the sea-
floor positioning beacon was recovered and the ship was secured
for transit, we began the ~13.6 nmi transit to Site U1468 at 0024 h
on 7 November.

Total recovery for Site U1467 was 31.49 m (98%) in Hole
U1467A, 560.4 m (91%) in Hole U1466B, 266.15 m (80%) in Hole
U1467C, and 203.7 (102%) in Hole U1467D (Table T1). Of the 137
cores recovered, 86 were full APC cores, 21 were HLAPC cores, and
30 were XCB cores (see Figure F1 in the Expedition 359 summary
chapter [Betzler et al., 2017b]).

Table T1. Site U1467 core summary. DRF = drilling depth below rig floor, DSF = drilling depth below seafloor, CSF = core depth below seafloor. NA = not appli-
cable. H = advanced piston corer, F = half-length advanced piston corer, X = extended core barrel, R = rotary core barrel, numeric core type = drilled interval.

(Continued on next three pages.) Download table in .csv format.

Hole U1467A
Latitude: 4°51.0139'N
Longitude: 073°17.0200'E
Water depth (m): 487.49
Date started (UTC): 1518 h; 28 October 2015
Date finished (UTC): 0400 h; 29 October 2015
Time on hole (days): 0.53
Seafloor depth DRF (m): 498.4
Rig floor to sea level (m): 10.91
Penetration DSF (m): 32
Cored interval (m): 32
Recovered length (m): 31.49
Recovery (%): 98
Drilled interval (m): NA
Drilled interval (no.): 0
Total cores (no.): 4
APC cores (no.): 4

Hole U1467C
Latitude: 4°51.0362'N
Longitude: 073°17.0197'E
Water depth (m): 487.28
Date started (UTC): 0605 h; 1 November 2015
Date finished (UTC): 1910 h; 3 November 2015
Time on hole (days): 2.55
Seafloor depth DRF (m): 498.2
Rig floor to sea level (m): 10.92
Penetration DSF (m): 714
Cored interval (m): 332.1
Recovered length (m): 266.15
Recovery (%): 80
Drilled interval (m): 381.9
Drilled interval (no.): 2
Total cores (no.): 35
APC cores (no.): 21
XCB cores (no.): 14
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Hole U1467B

Latitude: 4°51.0255'N

Longitude: 073°17.0204'E

Water depth (m): 487.49

Date started (UTC): 0400 h; 29 October 2015
Date finished (UTC): 0605 h, 1 November 2015
Time on hole (days): 3.09

Seafloor depth DRF (m): 498.4

Rig floor to sea level (m): 10.91

Penetration DSF (m): 617.2

Cored interval (m): 617.2

Recovered length (m): 560.39

Recovery (%): 90

Drilled interval (m): NA

Drilled interval (no.): 0

Total cores (no.): 77

APC cores (no.): 40

HLAPC cores (no.): 21

XCB cores (no.): 16

Hole U1467D

Latitude: 4°51.0475'N

Longitude: 073°17.0201'E

Water depth (m): 487.23

Date started (UTC): 1910 h; 3 November 2015
Date finished (UTC): 0825 h; 4 November 2015
Time on hole (days): 0.55

Seafloor depth DRF (m): 498.2

Rig floor to sea level (m): 10.97

Penetration DSF (m): 201

Cored interval (m): 199.5

Recovered length (m): 203.69

Recovery (%): 102

Drilled interval (m): 1.5

Drilled interval (no.): 1

Total cores (no.): 21

APC cores (no.): 21
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Table T1 (continued). (Continued on next page.)
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Hole U1467E
Latitude: 4°51.0137'N
Longitude: 073°17.0312'E
Water depth (m): 487.42
Date started (UTC): 0825 h; 4 November 2015
Date finished (UTC): 1924 h; 6 November 2015
Time on hole (days): 2.46
Seafloor depth DRF (m): 498.4
Rig floor to sea level (m): 10.98
Penetration DSF (m): 714.0
Cored interval (m):
Recovered length (m):
Recovery (%): 0
Drilled interval (m): 714.0
Drilled interval (no.): 1
Total cores (no.): 0

Top of Bottom of Top of Bottom of
cored cored Interval  Recovered  Curated recovered recovered
interval interval  advanced length length  Recovery core core Date Time UTC
Core  DSF(m) DSF (m) (m) (m) (m) (%) CSF-A(m)  CSF-A (m) (2015) (h)
359-U1467A-
1H 0.0 3.5 3.5 3.50 3.50 100 0.0 3.50 20 Oct 0135
2H 35 13.0 9.5 9.09 9.09 96 35 12.59 20 Oct 0230
3H 13.0 225 9.5 9.36 9.36 99 13.0 2236 20 Oct 0315
4H 225 320 9.5 9.54 9.54 100 225 32.04 20 Oct 0355
Hole U1467A totals: 32.0 31.49 31.49
359-U1467B-
TH 0.0 3.5 3.5 3.46 3.46 99 0.0 3.46 29 Oct 0935
2H 35 13.0 9.5 9.69 9.69 102 35 13.19 29 Oct 1025
3H 13.0 225 9.5 9.52 9.52 100 13.0 22,52 29 Oct 1130
4H 225 320 9.5 9.60 9.60 101 225 32.10 29 Oct 1200
5H 320 415 9.5 9.81 9.81 103 32.0 41.81 29 Oct 1250
6H 41.5 51.0 9.5 9.49 9.49 100 41.5 50.99 29 Oct 1325
7H 51.0 60.5 9.5 9.87 9.87 104 51.0 60.87 29 Oct 1430
8H 60.5 70.0 9.5 9.56 9.56 101 60.5 70.06 29 Oct 1550
9H 70.0 79.5 9.5 9.50 9.50 100 70.0 79.50 29 Oct 1700
10H 79.5 89.0 9.5 9.79 9.79 103 79.5 89.29 29 Oct 1730
11H 89.0 98.5 9.5 8.72 8.72 92 89.0 97.92 29 Oct 1815
12H 98.5 100.4 1.9 1.99 2.09 105 98.5 100.59 29 Oct 1950
13H 100.4 109.9 9.5 9.34 9.34 98 100.4 109.74 29 Oct 2030
14H 109.9 119.4 9.5 9.12 9.12 96 109.9 119.02 29 Oct 2135
15H 119.4 128.9 9.5 9.20 9.20 97 119.4 128.60 29 Oct 2200
16H 1289 1384 9.5 9.03 9.03 95 1289 137.93 29 Oct 2230
17H 138.4 147.9 9.5 9.14 9.14 96 138.4 147.54 29 Oct 2330
18H 147.9 157.4 9.5 9.31 9.31 98 147.9 157.21 300Oct 0030
19H 157.4 166.9 9.5 9.52 9.52 100 157.4 166.92 30 Oct 0055
20H 166.9 176.4 9.5 9.45 9.45 99 166.9 176.35 300Oct 0145
21H 176.4 185.9 9.5 9.31 9.31 98 176.4 185.71 30 Oct 0220
22H 185.9 195.4 9.5 9.55 9.55 101 185.9 195.45 300ct 0245
23H 195.4 204.9 9.5 9.49 9.49 100 195.4 204.89 30 Oct 0325
24H 204.9 214.4 9.5 9.85 9.85 104 204.9 214.75 300Oct 0355
25H 2144 2239 9.5 9.73 9.73 102 2144 22413 30 Oct 0430
26H 2239 2334 9.5 9.72 9.72 102 2239 233.62 300Oct 0510
27H 2334 2429 9.5 10.06 10.06 106 2334 243.46 30 Oct 0535
28H 2429 2524 9.5 9.85 9.85 104 2429 252.75 300Oct 0605
29H 2524 261.9 9.5 9.97 9.97 105 2524 262.37 30 Oct 0645
30H 261.9 2714 9.5 9.98 9.98 105 261.9 271.88 300Oct 0715
31H 2714 280.9 9.5 9.86 9.86 104 2714 281.26 30 Oct 0745
32H 280.9 290.4 9.5 10.01 10.01 105 280.9 290.91 30 Oct 0825
33H 290.4 299.9 9.5 10.00 10.00 105 290.4 300.40 30 Oct 0900
34H 299.9 309.4 9.5 9.96 9.96 105 299.9 309.86 30Oct 0940
35H 309.4 3189 9.5 9.99 9.99 105 309.4 319.39 30 Oct 1020
36H 318.9 3284 9.5 9.81 9.81 103 318.9 328.71 30Oct 1110
37H 3284 3379 9.5 9.99 9.99 105 3284 338.39 30 Oct 1205
38F 3379 3426 4.7 4.99 4.99 106 3379 342.89 30Oct 1320
39F 3426 3473 47 4.95 4.95 105 3426 347.55 30 Oct 1355
40F 3473 352.0 4.7 4.89 4.89 104 3473 352.19 300Oct 1420
41F 352.0 356.7 47 4.63 4.63 99 352.0 356.63 30 Oct 1445
42F 356.7 361.4 4.7 4.58 4.58 97 356.7 361.28 30 Oct 1540
5
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Table T1 (continued). (Continued on next page.)
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Topof  Bottom of Top of Bottom of

cored cored Interval  Recovered  Curated recovered recovered

interval interval  advanced length length  Recovery core core Date Time UTC
Core  DSF(m) DSF (m) (m) (m) (m) (%) CSF-A (m)  CSF-A (m) (2015) (h)
43H 361.4 370.9 9.5 7.62 7.62 80 361.4 369.02 30 Oct 2330
44H 370.9 380.4 9.5 10.06 10.06 106 370.9 380.96 310ct 0005
45H 380.4 389.9 9.5 9.98 9.98 105 380.4 390.38 31 Oct 0120
46F 389.9 394.6 47 491 491 104 389.9 394.81 310ct 0205
47F 394.6 399.3 4.7 5.02 5.02 107 394.6 399.62 31 Oct 0225
48F 399.3 404.0 47 5.13 5.13 109 399.3 404.43 310ct 0315
49F 404.0 408.7 4.7 4.85 4.85 103 404.0 408.85 31 Oct 0340
50F 408.7 4134 47 4.93 4.93 105 408.7 413.63 310ct 0405
51F 413.4 418.1 4.7 4.88 4.84 104 413.4 418.24 31 Oct 0440
52F 418.1 422.8 47 4.52 4.52 96 418.1 422.62 310ct 0505
53F 4228 427.5 4.7 4.80 4.80 102 4228 427.60 31 Oct 0620
54F 427.5 432.2 47 4.82 4.82 103 427.5 432.32 310ct 0650
55F 432.2 436.9 4.7 4.79 4.79 102 432.2 436.99 31 Oct 0715
56F 436.9 441.6 47 4.70 470 100 436.9 441.60 310ct 0740
57F 441.6 446.3 4.7 5.03 5.03 107 441.6 446.63 31 Oct 0805
58F 446.3 451.0 4.7 481 4.81 102 446.3 451.11 31 Oct 0830
59F 451.0 455.7 4.7 4.99 4.99 106 451.0 455.99 31 Oct 0850
60F 455.7 460.4 47 4.93 4.93 105 455.7 460.63 310ct 0950
61F 460.4 465.1 4.7 5.01 5.01 107 460.4 465.41 31 Oct 1030
62X 465.1 471.6 6.5 5.40 5.40 83 465.1 470.50 31 Oct 1105
63X 471.6 481.4 9.8 8.02 8.02 82 471.6 479.62 31 Oct 1145
64X 481.4 491.1 9.7 6.65 6.65 69 481.4 488.05 310ct 1230
65X 491.1 500.8 9.7 7.40 7.40 76 491.1 498.50 31 Oct 1305
66X 500.8 510.5 9.7 6.47 6.47 67 500.8 507.27 31 0ct 1340
67X 510.5 520.2 9.7 6.21 6.21 64 510.5 516.71 31 Oct 1425
68X 520.2 529.9 9.7 6.12 6.12 63 520.2 526.32 310ct 1505
69X 529.9 539.6 9.7 9.75 9.75 101 529.9 539.65 31 Oct 1545
70X 539.6 549.3 9.7 2.47 2.47 25 539.6 542.07 310ct 1630
71X 549.3 559.0 9.7 0.41 0.41 4 549.3 549.71 31 Oct 1720
72X 559.0 568.7 9.7 2.18 2.18 22 559.0 561.18 310ct 1810
73X 568.7 578.4 9.7 5.46 5.46 56 568.7 574.16 31 Oct 1920
74X 5784 588.1 9.7 2.78 2.78 29 5784 581.18 310ct 2030
75X 588.1 597.8 9.7 4.57 4.57 47 588.1 592.67 31 Oct 2110
76X 597.8 607.5 9.7 4.53 4.56 47 597.8 602.36 310ct 2217
77X 607.5 617.2 9.7 9.91 9.91 102 607.5 617.41 31 Oct 2315

Hole U1467B totals: 617.2 560.39 560.48

359-U1467C-
1H 0.0 6.7 6.7 6.66 6.69 29 0.0 6.69 1 Nov 1130
2H 6.7 16.2 9.5 9.64 9.64 101 6.7 16.34 1 Nov 1210
3H 16.2 257 9.5 9.62 9.62 101 16.2 25.82 1 Nov 1245
4H 25.7 35.2 9.5 9.76 9.76 103 25.7 35.46 1 Nov 1305
5H 35.2 447 9.5 9.56 9.56 101 35.2 44.76 1 Nov 1340
6H 44.7 54.2 9.5 8.45 8.45 89 44.7 53.15 1 Nov 1410
7H 54.2 63.7 9.5 9.71 9.71 102 54.2 63.91 1 Nov 1450
8H 63.7 73.2 9.5 9.41 9.41 99 63.7 73.11 1 Nov 1545
9H 73.2 82.7 9.5 9.51 9.51 100 73.2 82.71 1 Nov 1610
10H 82.7 92.2 9.5 9.52 9.52 100 82.7 92.22 1 Nov 1645
11H 92.2 101.7 9.5 9.63 9.63 101 92.2 101.83 1 Nov 1705
12H 101.7 111.2 9.5 9.54 9.54 100 101.7 111.24 1 Nov 1840
13H 111.2 120.7 9.5 9.75 9.75 103 111.2 120.95 1 Nov 1915
141 120.7 122.7 #*x%%Drilled from 120.7 to 122.7 mbsf***** 1 Nov 1930
15H 122.7 132.2 9.5 9.19 9.19 97 122.7 131.89 1 Nov 2000
16H 132.2 141.7 9.5 9.69 9.69 102 132.2 141.89 1 Nov 2035
17H 141.7 151.2 9.5 9.92 9.92 104 141.7 151.62 1 Nov 2105
18H 151.2 160.7 9.5 9.79 9.79 103 151.2 160.99 1 Nov 2145
19H 160.7 170.2 9.5 9.92 9.92 104 160.7 170.62 1 Nov 2250
20H 170.2 179.7 9.5 9.84 9.84 104 170.2 180.04 1 Nov 2345
21H 179.7 189.2 9.5 9.92 9.92 104 179.7 189.62 2 Nov 0040
22H 189.2 198.7 9.5 9.90 9.90 104 189.2 199.10 2 Nov 0120
232 198.7 578.6 379.9 0.00 0.00 198.7 198.70 2 Nov 1530
24X 578.6 588.3 9.7 2.08 2.08 21 578.6 580.68 2 Nov 1720
25X 588.3 598.0 9.7 2.18 2.18 22 588.3 590.48 2 Nov 1815
26X 598.0 607.7 9.7 4.64 4.64 48 598.0 602.64 2 Nov 1925
27X 607.7 617.4 9.7 248 2.48 26 607.7 610.18 2 Nov 2040
28X 617.4 627.1 9.7 3.12 3.12 32 617.4 620.52 2 Nov 2200
29X 627.1 636.8 9.7 9.80 9.80 101 627.1 636.90 2 Nov 2315
6
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Table T1 (continued).

Site U1467

Topof  Bottom of Top of Bottom of
cored cored Interval  Recovered  Curated recovered recovered
interval interval  advanced length length  Recovery core core Date Time UTC
Core DSF (m) DSF (m) (m) (m) (m) (%) CSF-A(m) CSF-A(m) (2015) (h)
30X 636.8 646.5 9.7 8.67 8.67 89 636.8 645.47 3 Nov 0005
31X 646.5 656.2 9.7 4.77 4.77 49 646.5 651.27 3 Nov 0050
32X 656.2 665.9 9.7 7.49 7.49 77 656.2 663.69 3 Nov 0150
33X 665.9 675.6 9.7 3.89 3.89 40 665.9 669.79 3 Nov 0240
34X 675.6 685.3 9.7 3.09 3.09 32 675.6 678.69 3 Nov 0330
35X 685.3 695.0 9.7 2.00 2.00 21 685.3 687.30 3 Nov 0415
36X 695.0 704.7 9.7 9.79 9.79 101 695.0 704.79 3 Nov 0505
37X 704.7 714.0 9.3 3.22 3.22 35 704.7 707.92 3 Nov 0550
Hole U1467C totals: 714.0 266.15 266.18
359-U1467D-
1 0.0 15 ****¥*Drilled from 0.0 to 1.5 mbsf***** 3 Nov 2035
2H 1.5 11.0 9.5 9.90 9.90 104 1.5 11.40 3 Nov 2050
3H 11.0 20.5 9.5 8.80 8.80 93 11.0 19.80 3 Nov 2110
4H 20.5 30.0 9.5 9.65 9.65 102 20.5 30.15 3 Nov 2135
5H 30.0 395 9.5 9.69 9.69 102 30.0 39.69 3 Nov 2200
6H 39.5 49.0 9.5 9.76 9.76 103 39.5 49.26 3 Nov 2225
7H 49.0 585 9.5 9.42 9.42 99 49.0 58.42 3 Nov 2245
8H 58.5 68.0 9.5 9.56 9.56 101 58.5 68.06 3 Nov 2310
9H 68.0 77.5 9.5 9.74 9.74 103 68.0 77.74 3 Nov 2330
10H 77.5 87.0 9.5 9.77 9.77 103 77.5 87.27 3 Nov 2355
11H 87.0 96.5 9.5 9.80 9.80 103 87.0 96.80 4 Nov 0015
12H 96.5 106.0 9.5 9.77 9.37 103 96.5 106.27 4 Nov 0035
13H 106.0 115.5 9.5 9.83 9.83 103 106.0 115.83 4 Nov 0100
14H 115.5 125.0 9.5 9.80 9.80 103 115.5 125.30 4 Nov 0120
15H 125.0 1345 9.5 9.74 9.74 103 125.0 134.74 4 Nov 0145
16H 134.5 144.0 9.5 9.67 9.67 102 134.5 14417 4 Nov 0210
17H 144.0 1535 9.5 9.72 9.72 102 144.0 153.72 4 Nov 0235
18H 153.5 163.0 9.5 9.72 9.72 102 153.5 163.22 4 Nov 0310
19H 163.0 1725 9.5 9.77 9.77 103 163.0 172.77 4 Nov 0335
20H 1725 182.0 9.5 9.86 9.86 104 1725 182.36 4 Nov 0405
21H 182.0 191.5 9.5 9.85 9.85 104 182.0 191.85 4 Nov 0430
22H 191.5 201.0 9.5 9.87 9.87 104 191.5 201.37 4 Nov 0500
Hole U1467D totals: 201.0 203.69 203.29
359-U1467E-
11 0.0 714.0 **#%*Drilled from 0.0 to 714.0 mbsf**#** 5 Nov 1400
Lithostratig raphy white intervals are dominant and darker intervals are reduced in

Site U1467 was drilled through a sequence of drift deposits in
the Kardiva Channel and into the underlying basinal deposits of the
carbonate platform as indicated on seismic profiles (see Seismic
stratigraphy). Lithostratigraphic units were defined by combining
data from the four holes cored at this site (Holes U1467A-U1467D)
(Figure F3). The 708 m thick sequence was texturally constant with
only minor variations in composition and degree of lithification.
Color changes and variations in the degree of lithification, which
characterize distinct intervals of the succession, were therefore used
to divide the sedimentary column into lithostratigraphic units.
Units I-IV represent a thick accumulation of distal drift deposits.
The upper part of the drift succession is unconsolidated (Unit I; 110
m thick) and underlain by an approximately 500 m thick interval
characterized by interlayers of partially lithified and lithified inter-
vals (Unit II) that grade downward to more lithified units (Units III—
IV). Alternation of lighter and darker intervals characterizes the en-
tire succession. At approximately 502 mbsf, a distinct downhole
color change with lighter colored intervals appears in the succes-
sion, along with a decrease in abundance, thickness, and darkness of
the darker intervals (Unit V). From 607 mbsf to the base of the hole,
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size and pale gray to gray-brown.

Lithostratigraphic units
Unit |

Intervals: 359-U1467A-1H-1, 0 cm, through 4H-CC; 359-
U1467B-1H-1, 0 cm, to 14H-5, 60 cm; 359-U1467C-1H-1, 0
cm, to 13H-2, 0 cm; 359-U1467D-1H-1, 0 cm, to 12H-6, 34
cm

Depths: Hole U1467A = 0 mbsf to 32.04 mbsf; Hole U1467B =
0-116.20 mbsf; Hole U1467C = 0—112.70 mbsf; Hole
U1467D = 0-104.34 mbsf

Unit I consists of unlithified foraminifer-rich, very fine to fine-
grained wackestone to packstone with a calcareous ooze matrix.
Thick (30-100 cm) to very thick (>100 cm) intervals defined by
color changes ranging from light gray to grayish brown characterize
this unit (Figure F3). Color changes are well documented in reflec-
tance spectrometry, which also shows higher color variability than
was macroscopically detected. The darker intervals show higher
natural gamma radiation (NGR) counts per second and lower light-
ness (L*) values than the lighter intervals.
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Throughout Unit I, well-preserved planktonic foraminifers are
abundant and benthic foraminifers are common. Mollusk frag-
ments, pteropods, echinoid fragments, and dark brown organic
matter particles are present to common (Figure F4A). Cold-water
coral remains occur at 359-U1467C-2H-3, 38 and 45—47 cm. Smear
slide analysis shows that coccoliths, aragonite needles, tunicates,
silicoflagellates, and sponge spicules are abundant in the finest frac-
tion and that clay minerals and organic matter, although rare, do oc-
cur in slightly higher concentrations in the darker intervals.
Bioturbation is common to intense in the darker intervals and is of-
ten represented by color mottling. Burrows contain higher concen-
trations of organic matter (black grains) and commonly coarser
material. Contacts between the darker and lighter intervals are gra-
dational.

Site U1467

Unit II

Intervals: 359-U1467B-14H-5, 60 cm, to 25H-1, 103 cm; 359-
U1467C-13H-2, 0 cm, through 22H-CC; 359-U1467D-12H-
6, 34 cm, through 22H-CC

Depths: Hole U1467B = 116.20-215.43 mbsf; Hole U1467C =
112.70 to >199.100 mbsf; Hole U1467D = 104.34 mbsf to
>201.37 mbsf

The Unit I/II boundary is characterized by a transition from un-
lithified wackestone to interlayered unlithified and partially lithi-
fied, planktonic foraminifer-rich wackestone to mudstone (110-
214.75 msbf). Components are abundant planktonic foraminifers,
common benthic foraminifers, and an admixture of mollusk frag-
ments, pteropods, and dark organic matter particles. The matrix

Figure F3. Lithostratigraphic summary, Site U1467. Dominating color within each unit is indicated on the right.
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Figure F4. Sieved sample (>63 um) showing preservation of components,
Site U1467. A. Planktonic foraminifers, echinoid spines, and pteropods with
excellent preservation in Unit | (359-U1467A-1H-1). B. Planktonic foramini-
fers and cemented particles with poor preservation in Unit Ill (359-U1467B-
26H-5).

consists of calcareous nannoplankton, tunicate spicules, sponge
spicules, and aragonite needles. Celestine is also common as nod-
ules and layers up to 3 cm thick and as fragments and crystals in the
fine fraction (Figure F5).

Thick (30-100 c¢m) to very thick (>100 cm) cycles of minor color
changes from light gray-brown to grayish brown are present
throughout the unit. Downhole, however, color cycles become less
distinct with partial lithification. Corresponding to the increasing
lithification is the occurrence of a celestine layer in interval 359-
U1467B-23H-5, 52-60 cm (197.42-197.50 mbsf), and occasional
celestine nodules in Cores 359-U1467B-23H through 25H and Sec-
tion 359-U1467D-27H-2 (Figure F5).

Unit il

Interval: 359-U1467B-25H-1, 103 cm, to 34H-3, 0 cm
Depth: 215.43-302.90 mbsf

The Unit II/III boundary was placed at a transition from the
interlayered unlithified and partially lithified Unit II to the partially
lithified wackestone of Unit III. Partially lithified wackestone to
mudstone occurs at the top of Unit III (Cores 359-U1467B-25H
through 30H), and wackestone forms the dominant lithology for the
remainder of this unit. This unit’s fine-grained sediments are char-
acterized by thick (30-100 cm) to very thick (>100 cm) cycles of
faint color changes from light gray to light olive-gray and light
brownish gray.

Major components of this unit are planktonic foraminifers;
echinoid spines and sponge spicules are common, but benthic fora-
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Figure F5. Celestine (153-413 mbsf). A. First occurrence of celestine nod-
ule/layer (359-U1467A-23H-2, 52-60 cm). Red square = area in B. B. Celestine
in plane-polarized light (PPL) is seen as clear crystals (359-U1467B-23H-2, 57
cm). Red square = area in C. C. Characteristically blue interference color of
celestine in cross-polarized light (XPL) within nannofossil-rich wackestone.

minifers are rare. The matrix of the deposits consists of calcareous
nannoplankton. Preservation of skeletal components is very poor
because of pervasive crystal overgrowth (Figure F4B). Celestine
nodules and fragments are common, as well as bioclasts and partic-
ulate organic matter. Bivalve fragments usually occur as molds.
Bioturbation is common, with Thalassinoides, Planolites, Palaeo-
Phycus, and possibly Zoophycos present to common. A slightly
higher degree of bioturbation was observed in the darker intervals.

Unit IV

Interval: 359-U1467B-34H-3, 0 cm, through 65X-CC
Depth: 302.90-498.50 mbsf

The Unit III/IV boundary was placed at a transition from par-
tially lithified wackestone to more competent and lithified very fine
to medium-grained wackestone to packstone. As in the overlying
units, planktonic foraminifers are abundant and black grains (or-
ganic fragments) are present. The fine fraction consists of
planktonic foraminiferal fine-grained wackestone with benthic fora-
minifers and abundant silt-sized bioclasts (Figure F6). Organic mat-
ter is present, and apatite is a minor component. Planktonic
foraminifers occur in a micritic matrix and display calcite over-
growth. The major porosity type is interparticle, and the minor is
moldic.

Similar to the units above, Unit IV is characterized by medium
(10-30 cm) to very thick (>100 cm) cycles of slight changes in color
from light gray to light brownish gray and pale yellow, with grada-
tional and commonly bioturbated contacts between the intervals
with different colors (Figure F7A—F7C). In contrast to the overlying
units, Unit IV preserves a higher degree of bioturbation and in-
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Figure F6. Fine fraction (359-U1467B-36H-7, 20-24 cm; 328.1 mbsf). Plank-
tonic foraminiferal fine-grained wackestone with (1) planktonic foraminifer,
(2) abundant silt-sized bioclasts, (3) micritic matrix, (4) organic matter, and
(5) rare apatite.

Figure F7. Main color changes in cores, Site U1467. Color changes can be
observed within one section (359-U1467B-46F-3; Unit IV) from (A) highly
bioturbated dark gray wackestone at the top of the section gradually chang-
ing to (B) dark gray to very dark grayish brown wackestone with celestine
concretions within the burrows and then to (C) highly bioturbated light
grayish brown to white wackestone.
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cludes common Thalassinoides, Planolites, Zoophycos, Chondrites,
and Palaeophycus. Burrows are commonly infilled with coarser
grained packstone and bear lower concentrations of organic matter
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(Figure F7). This unit displays more intense drilling disturbance
(fragmentation and biscuits), especially in the lighter layers.

UnitV

Intervals: 359-U1467B-65X-CC to 77X-1, 0 cm; 359-U1467C-
24X-1, 0 cm, to 27X-2, 44 cm

Depths: Hole U1467B = 498.50-607.50 mbsf; Hole U1467C =
<578.60-609.5 mbsf

The Unit IV/V boundary is at a facies change to sediments with
distinct light and dark alterations. Lighter intervals form 25%—-50%
of the cores, and downhole, the thickness and number of dark inter-
vals decrease (Figure F8). Deposits are fine-grained planktonic fora-
minifer-rich wackestone. Other components are benthic
foraminifers and fragments of organic matter. Bioturbation is more
extensive within this unit than in overlying units, with common to
abundant Thalassinoides, Planolites, Zoophycos, Chondrites, and
Palaeophycus. Light intervals dominate this unit, and dark packages
are between 1 and 30 cm thick. The darker intervals have lower L*
values and a characteristic inverse relation to NGR values. This rela-

Figure F8. Range of thickness, average thickness, and percentage of core
occupied by lighter intervals in Units V and VI, Holes U1467B and U1467C.
Lighter intervals decrease downhole.
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Figure F9. Lighter and darker intervals and associated color reflectance and
NGR data (359-U1467B-66X; Unit V). Individual color cycles are indicated.
Reflectance data show characteristic inverse relationship between L* and
NGR, with lower NGR counts/s in lighter intervals, top cycles.
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tion persists even in changes that are macroscopically marginally
visible (e.g., Cycle 1: Core 359-U1467B-66X) (Figures F9, F10).
There is also a larger scale increase in L* values and decrease in
NGR values downhole than those observed in the overlying units,
indicating an overall lightening of this unit.

Petrographic analysis of the light (70X-1, 17-20 cm; 539.8 mbsf)
and dark (70X-1, 101-104 cm; 540.6 mbsf) intervals demonstrates
differences in components, texture, cementation, and organic mat-
ter content. Lighter intervals are very fine grained wackestone to
packstone with abundant planktonic foraminifers and silt-sized bio-
clasts (Figure F11A-F11B). Planktonic foraminifers preserve their
original morphology, and their internal pore spaces are partially in-
filled by dogtooth calcite cements. The matrix in lighter intervals
consists of partially recrystallized micrite to microsparite. In con-
trast, darker intervals (Figure F11C-F11D) are very fine grained
planktonic foraminiferal wackestone with minor to absent silt-sized
bioclasts. The planktonic foraminifers are slightly compacted, and
cements are absent in their pore space. The matrix is composed of
micrite with abundant clay- to silt-sized organic matter remains. A
crushed sea urchin was found in interval 359-U1467B-69X-2, 117—
119 cm (~531.5 mbsf).
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Figure F10. Light reflectance and NGR data across the Unit V/VI boundary,
Hole U1467C. Note the inverse relationship between L* and NGR and the
decrease in NGR counts/s upcore. Individual color cycles are indicated.
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Intervals: 359-U1467B-77X-1, 0 cm, through 77X-CC; 359-
U1467C-27X-2, 44 cm, through 37X-CC

Depths: Hole U1467B = 607.50 to >617.41 mbsf; Hole U1467C =
609.50—-707.92 mbsf

The Unit V/VI boundary is at a sharp facies change from the
succession of light—dark alternation to white wackestone to pack-
stone, with very few pale gray to gray intervals (Figure F10). The
limit of Units V and VI is well imaged in L* and NGR analyses. The
change to lighter rocks is accompanied by a maximum NGR value of
26 counts/s that decreases to 24 counts/s in Core 359-U1467C-27X
and to 18 counts/s farther downhole.

Unit VI has components similar to those in the overlying unit.
Petrographic analysis shows that deposits are planktonic foraminif-
eral fine-grained wackestone to packstone with abundant silt-sized
bioclasts, benthic foraminifers (Amphistegina), and echinoid spines.
Components occur in a partially recrystallized micritic matrix that
occasionally infills the intraparticle porosity of the planktonic fora-
minifers. Apatite crystals and organic matter rarely occur.
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Figure F11. Planktonic foraminifer-rich wackestone with abundant plank-
tonic foraminifers and rare benthic foraminifers in light interval (359-
U1467B-70X-1, 17-20 cm; 539.8 mbsf) and dark interval (70X-1, 101-104 cm;
540.6 mbsf), Unit V. A, C. PPL. Red squares = area of B and D, respectively.
B, D. XPL. 1 = planktonic foraminifer, 2 = silt-sized bioclast, 3 = planktonic for-
aminifer, 4 = inner pore space of planktonic foraminifer chamber partially
infilled by dogtooth calcite cements, 5 = flattened foraminifer (indicating
minor compaction), 6 = cements absent from pore space, 7 = clay- to silt-
sized organic matter remains.
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Discussion

The sedimentary succession of the distal portion of the Kardiva
Channel drifts consists of a monotonous series of foraminiferal
wackestone and packstone with increasing downhole lithification.
The major sedimentary variability is color change with a leitmotif of
light—dark cyclicity. Compared to the dark intervals, light packages
appear more bioturbated and are depleted in organic matter. Dark
intervals are most likely the result of decreased carbonate shedding
from the adjacent carbonate banks during sea level lowstands and
greater preservation of organic material during lower oxygenation
conditions in the overlying water column (Schlager et al., 1994; Bet-
zler et al., 2013).

Color changes may also be associated with fluctuations in pro-
ductivity due to changes in oxygenation of the water column, as pre-
viously identified by Boersma and Mikkelsen (1990) at Ocean
Drilling Program (ODP) Site 714, located approximately 64 km east
of Site U1467. Boersma and Mikkelsen (1990) also interpreted the
darker intervals as periods of higher productivity in a low-oxygen-
ated depositional environment. At ODP Site 715, dark intervals are
characterized by the presence of bolivinids that represent oxygen
minima (Douglas and Heitman, 1979; Poag and Low, 1985). This
characterization is also consistent with results in Biostratigraphy.

The hypothesis that dark and light intervals are associated with
fluctuations in productivity due to changes in oxygenation in the
water column and greater preservation of organic material during
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lower oxygenation conditions is supported by the spectral NGR
data at Site U1467. The inverse relation between L* and NGR (Fig-
ures F9, F10) implies that darker intervals are generally more radio-
genic, with uranium being retained with relatively higher
concentrations of organic matter (Klinkhammer and Palmer, 1991).
This retention implies high productivity in the overlying water col-
umn and the possibility of low-oxygen bottom conditions. In con-
trast, lighter intervals show lower NGR values, indicating they have
comparatively less organic material than darker intervals and most
likely higher shallow-water carbonate platform derived input.

Biostratigraphy

A ~700 m thick sediment succession spanning the Pleistocene to
the middle Miocene was cored in four holes at Site U1467. The ship-
board paleontologists examined samples from Cores 359-U1467A-
1H through 4H (0-32 mbsf), 359-U1467B-4H through 77X (22.5—
617.2 mbsf), and 359-U1467C-24X through 37X (578.6—714 mbsf)
(Figure F12). For biostratigraphic discussion, the succession was di-
vided into three intervals (A—C), as described in Age model.

Interval A was recovered in Cores 359-U1467A-1H through 4H
and 359-U1467B-1H through 15H and extends from the surface to
~130 mbsf. It provides a continuous expanded record of Quaternary
and late Pliocene sedimentation in the equatorial Indian Ocean.
This interval was recovered in three holes (U1467A, U1467B, and
U1467C), which were combined to provide a splice record (Figure
F12; see Stratigraphic correlation and sedimentation rates).
Throughout this interval, planktonic foraminifers are well pre-
served; benthic foraminifers, ostracods, and calcareous nanno-
fossils are well preserved at the top but moderately well preserved
from Core 359-U1467B-5H downward.

Interval B was recovered in Cores 359-U1467B-16H through
69X and extends from ~130 to 540 mbsf; it comprises the early Plio-
cene and much of the late Miocene. Preservation throughout this
thick interval is poor to moderate for all microfossils, except in Core
69X where very well preserved nannofossils were recovered from a
few darker layers.

Interval C was recovered in Cores 359-U1467B-70X through
77X and 359-U1467C-24X through 37X and extends from 540 to
714 mbsf; it comprises the earlier part of the late Miocene and the
later part of the middle Miocene. In the upper part of this interval,
all groups of calcareous microfossils are rare and poorly preserved.
Preservation improves downcore and in the lower part of the inter-
val is moderate to good.

Mudline core top samples were collected from Holes U1467A—
U1467C, and portions of these samples were stained with Rose Ben-
gal (1 g/L) to confirm the presence of living ostracods and benthic
foraminifers. Mudline samples are rich in pteropod fragments,
planktonic and benthic foraminifers, nannofossils, radiolarians, and
ostracods.

Age model

The biostratigraphic events recognized at this site are listed in
Table T2. The biozonation inferred from biostratigraphic data and
paleoenvironmental interpretations are shown in Figure F12. An
age-depth plot is given in Figure F13 and allows direct comparison
of the data and calculation of average sedimentation rates.

Interval A is a succession of well-constrained events with rea-
sonably good agreement between planktonic foraminifers and
nannofossils. However, much of the interval shows a consistent off-
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Figure F12. Biostratigraphic and paleoenvironmental summary, Site U1467.
Calcareous nannofossil and planktonic foraminifer biozonation is shown
with paleoenvironmental information provided by benthic foraminifers and
ostracods.
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Site U1467

set between ages inferred from calcareous nannofossil events and
planktonic foraminifers, with planktonic foraminifers suggesting
ages about 0.5 My older than the calcareous nannofossils (Figure
F14). This pattern was also seen in this interval at Sites U1465 and
U1466, so possibly the age calibrations of these events need revi-
sion, at least for this area. The inferred average sedimentation rate is
~3.4 cm/ky.

In Interval B, fewer events were recognized, particularly in
planktonic foraminifers, but they mostly agree well with the nanno-
fossil events. The age of the top of this interval is well constrained
by a set of reliable mid-Pliocene datums, and the age of the base is
constrained by two reliable nannofossil datums (the first occurrence
[FO] of Discoaster quinqueramus and the base of the small Reticu-
lofenestra event) (Figure F15). The intervening events are less reli-
able, but they fall on a straight line correlation between these
endpoints, implying an average sedimentation rate of ~7.9 cm/ky.
This rate is more than twice the average sedimentation rate ob-
tained for the Pliocene—Pleistocene (Figure F13).

Magnetostratigraphy shows reliable results from ~100 to 200
mbsf (see Paleomagnetism). Data commence with a long reversed
interval that, when compared to the biostratigraphic data, was con-
fidently identified as the Gauss magnetochron, C2Ar. Following
from this, a succession of subchrons was identified within Chron
C3n. These data have been added to the age-depth plot (Figure F13)
and fit very well with the paleontological data. Magnetostratigraphy
and biostratigraphy independently give the same sedimentation rate
for this interval.

Interval C is less clearly constrained; however, in the lower part
of the section, assemblages of both nannofossils and planktonic for-
aminifers are sufficiently well preserved to state with confidence
that three events do not occur in the section: (1) the last common
occurrence (LCO) of the nannofossil Cyclicargolithus floridanus
(13.28 Ma); (2) the last occurrence (LO) of the planktonic foramin-
ifer Fohsella fohsi (13.41 Ma), and (3) the LO of the nannofossil
Sphenolithus heteromorphus (13.53 Ma). These three events are well
developed at Site U1466, so we are confident that the base of the
section is younger than 13.3—13.4 Ma. This age gives a minimum
mean sedimentation rate through this interval of 3.8 cm/ky. Three

Table T2. Biostratigraphic events, Site U1467. FO = first occurrence, LO = last occurrence, LCO = last common occurrence. Nicklithus amplificus is very rare in
Hole U1467B, and the certainty on its FO and LO is low. The error bar of LO F. fohsi in Hole U1467C is large because of its scarcity in the top core catchers. The
presence of F. fohsi in the last sample constrains its age (FO) to younger than 13.41 Ma. The absence of common C. floridanus in the last sample constrains its
age (LCO) to younger than 13.28 Ma. N = nannofossil, PF = planktonic foraminifer. See Raffi et al. (2006) for a review of nannofossil events and original sources
for correlations to magnetostratigraphic timescales. NA = not available. (Continued on next page.) Download table in .csv format.

Core, section, Core, section,

interval (cm) interval (cm) Bottom Midpoint
Fossil Age lastsample  firstsample Topdepth depth depth
Event Abbreviation  group  (Ma) Age reference above event belowevent (mbsf)  (mbsf)  (mbsf)
359-U1467A- 359-U1467A-
FO Emiliania huxleyi FEh N 0.29 Hilgen et al. (2012) 2H-6, 52 2H-CC 11.54 12.59 12
LO Pseudoemiliania lacunosa LPI N 0.44  Hilgenetal. (2012) 3H-3,50 3H-4, 50 16.50 18.00 17
359-U1467B- 359-U1467B-
LO Globigerinoides ruber pink LGrp PF 0.12  Thompson etal. (1979) 1H-CC 2H-CC 3.50 12.59 8
Start small Gephyrocapsa event SsG N 1.24  Hilgenetal. (2012) 5H-5, 50 5H-6, 50 3850 40.00 39
LO Calcidiscus macintyrei LCm N 1.6 Hilgen et al. (2012) 7H-4, 50 7H-6,50 56.00 59.00 58
LO Globigerinoides fistulosus LGf PF 1.88  Lourens et al. (2004) 6H-CC 7H-CC 50.99 60.87 56
LO Discoaster brouweri LDb N 1.93 Hilgen et al. (2012) 8H-5, 50 8CC 67.01 70.06 69
LO Globorotalia limbata L G.limbata PF 239  Lourensetal. (2004) 8H-CC 9H-CC 70.06 79.50 75
LO Discoaster pentaradiatus LDp N 2.39 Hilgen et al. (2012) 10H-3, 50 10H-CC 83.00 89.29 86
LO Dentoglobigerina altispira LD.a PF 3.47  Lourensetal. (2004) 12H-CC 13H-CC 100.59  109.74 105
LO Sphenolithus abies LSa N 3.54 Hilgen et al. (2012) 15H-4,75 15H-CC 124.65 128.60 127
LO Reticulofenestra pseudoumbilicus ~ LR.p N 3.7 Hilgen et al. (2012) 16H-CC 17H-2,75 137.93 140.65 139
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Table T2 (continued).
Core, section, Core, section,
interval (cm) interval (cm) Bottom Midpoint
Fossil Age last sample first sample Topdepth depth depth
Event Abbreviation group  (Ma) Age reference above event  belowevent  (mbsf) (mbsf) (mbsf)
LO Globorotalia margaritae LG.m PF 3.85 Lourens et al. (2004) 14H-CC 15H-CC 119.02 128.60 124
LO Discoaster quinqueramus LD.g N 5.59 Hilgen et al. (2012) 33H-CC 34H-CC 30040  309.86 305
LO Globoquadrina dehiscens LGd PF 5.92 Wade et al. (2011) 37H-CC 38H-CC 338.39 342.89 341
LO Nicklithus amplificus LN.a N 594  Hilgenetal. (2012) 43H-CC 44H-2, 50 369.02  372.90 373
LO Globorotalia lenguaensis L G.lenguaensis  PF 6.13 Wade et al. (2011) 43H-CC 44H-CC 369.02 380.96 375
FO Nicklithus amplificus FN.a N 6.91 Hilgen et al. (2012) 48F-CC 49F-CC 40442  408.85 407
FO Discoaster quinqueramus FDgq N 8.12  Hilgenetal. (2012) 63X-CC 64X-CC 479.62  488.05 484
Start small Reticulofenestra event SsR N 8.79  Hilgenetal. (2012) 68X-CC 69X-CC 52632  539.65 533
LO Paragloborotalia mayeri LPm PF 10.46 Lourens et al. (2004) 74H-CC 75H-CC 581.18 592.67 587
359-U1467C- 359-U1467C-

LO Paragloborotalia mayeri LPm PF 1046  Lourens et al. (2004) 25H-CC 26H-CC 59048  602.64 597
LO Fohsella fohsi LEf PF 11.79 Lourens et al. (2004) 28X-CC 29X-CC 620.52 636.90 629
LO Coronocyclus nitescens LCn N 12,12  Young (1998) 33X-CC 34X-CC 669.79  678.69 674
FO Fohsella fohsi FFf PF 13.41 Lourens et al. (2004) 37X-CC Not known 707.92 NA >707.92
LCO Cyclicargolithus floridanus LCf N 13.28  Hilgenetal.(2012) 37X-CC Not known  707.92 NA >707.92

Figure F13. Age-depth profile, Site U1467. Details of each event are given in
Table T2. The age constraint for the base of the recovered sediments aged
<13.3-13.4 Ma is based on several reliable events that must occur below the
base of Hole U1647C (see text). The green dotted correlation line and sedi-
mentation rates are based on biostratigraphic data alone, and magneto-

Figure F14. Enlarged age-depth profile for the Pliocene and Pleistocene, Site
U1467. There are discrepancies between the planktonic foraminiferal and
nannofossil data. Shore-based magnetostratigraphy from Hole U1467D
should help resolve these uncertainties.
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events were recognized in the interval, all of which lie near this
trend: the LOs of Paragloborotalia mayeri, E fohsi, and Coronocy-
clus nitescens. Therefore, even though many standard zonal marker
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Interval A (Cores 359-U1467A-1H through 4H and 359-U1467B-
1H through 15H)

Nannofossil preservation is very good in the late Quaternary,
with essentially pristine assemblages from the top to about 50 mbsf
(nannofossils examined in Cores 359-U1467A-1H through 4H and
359-U1467B-4H). Below this depth, nannofossils are still abundant
but show varying degrees of overgrowth. Most taxa could still easily
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Figure F15. Small Reticulofenestra event, Hole U1467B. Top: base of event
(68X-CC) and just below it (69X-CC). R = Reticulofenestra specimens. Bottom:
rectangles = sampled intervals of dark, possibly clay-rich sediment contain-
ing very well preserved nannofossils (69X).

359-U1467B-68X-CC

359-U1467B-69X-CC
359-U1467B-69X

Sect2  Sect:3

cm

Sect: 1 Sect4  Sect:5 Sect6 Sect:7  Sect CC

110

120

130

140

150

160

be identified, but the overgrowth strongly affected discoasters,
which were also rare in this interval, so some events were not recog-
nized. Otherwise, a full set of marker events was recorded and indi-
cates a rather uniform sedimentation rate (Figure F13).

The FO of Emiliania huxleyi was located by light microscopy
(Table T3) and confirmed by scanning electron microscope (SEM).
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Table T3. Nannofossil range chart, Holes U1467A, U1467B, and U1467C.
Download table in .csv format.

It is present in Samples 359-U1467A-1H-CC and 359-U1467B-1H-
CC but absent in Samples 359-U1467A-2H-CC and 359-U1467B-
2H-CC. The LO of Pseudoemiliania huxleyi was only identified by
light microscopy; however, the species occurrence decreases toward
its LO. The poorer preservation of samples in the early Pleistocene
meant that many specimens of Gephyrocapsa lumina lacked clear
bridges, which made identification of the base of the small Gephyro-
capsa event/LO of G. lumina problematic. The LO of Calcidiscus
macintyrei was also problematic because specimens are very rare.
However, the LO of this large species (>10 um) was clearly identi-
fied using low magnification. The successive FOs of Discoaster
brouweri and Discoaster pentaradiatus were well marked. The Dis-
coaster triradiatus acme is only weakly developed in these samples
but was seen in the latter part of Zone NN18 (Sample 359-U1467A-
8H-CC). Discoaster variabilis, Discoaster surculus, and Discoaster
tamalis are too rare to allow identification of their LOs. The LO of
Sphenolithus abies is clearly marked with common to abundant
specimens occurring below the LO at 127 mbsf. The LO of Reticu-
lofenestra pseudoumbilicus occurs slightly below this depth, con-
firming the age placement.

Interval B (Cores 359-U1467B-16H through 69X)

Interval B is predominantly a long sequence of assemblages with
very similar nannofossils. Nannofossils are normally abundant with
poor to moderate preservation due to overgrowth. Larger coccoliths
and nannoliths are especially affected by this overgrowth, with dis-
coaster specimens often very difficult to identify to species level.
Ceratoliths are also strongly affected by overgrowth. A few speci-
mens of Nicklithus were identified, but no specimens of Cerato-
lithus or Amaurolithus were found. Similarly, only one specimen of
Orthorhabdus was identified, and no Minylitha. As a result, events
based on these taxa could not be identified. D. quinqueramus is
common, and its FO and LO were confidently placed, but subdivi-
sion into D. quinqueramus and Discoaster berggrenii was not possi-
ble. The intervening events based on the FO and LO of Nicklithus
amplificus were only tentatively identified, but their placement
agrees well with the overall age model.

A marked episode within the late Miocene nannofossil record is
provided by the abrupt disappearance of large (>7 pm) R. pseudo-
umbilicus specimens followed by an interval of dominance of very
small reticulofenestrids (dominantly <3 pm). This event was first
described in the western Indian Ocean by Rio et al. (1990) and
Young (1990) and has since been shown to be a useful globally syn-
chronous event (e.g., Backman et al., 2012) occurring near the top of
Magnetochron C4An and currently placed at 8.79 Ma. The event is
well marked at Site U1467, occurring between Samples 359-
U1467B-68X-CC and 69X-2, 25 cm. Several dark levels occur in
Core 69X and have very well preserved nannofossils, including ex-
ceptionally well preserved discoasters.

Interval C (Cores 359-U1467B-70X through 77X and 359-
U1467C-24X through 37X)

Interval C starts just below the small Reticulofenestra event and
lies clearly within Zone NNI10. It ends in Zone NNG6, as indicated by
the occurrence of C. nitescens and absence of C. floridanus and S.
heteromorphus. However, no events can be recognized through
most of this interval, and Zones NN9-NN7 cannot be distin-
guished. More specifically, no specimens were observed of Catinas-
ter calyculus, Catinaster coalitus, Discoaster hamatus, Discoaster
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bollii, or Minylitha convallis, probably because of poor preservation
in the upper part of the interval. For example, we observed heavily
overgrown five-rayed discoasters in Sample 359-U1467B-73R-1, 22
cm (569.92 mbsf), but we could not discriminate whether they be-
long to D. hamatus. The LO of C. nitescens is well marked; it is con-
sistently present below Sample 359-U1467C-34X-CC but absent
above.

Planktonic foraminifers

Planktonic foraminifers were examined in all core catcher sam-
ples from Holes U1467A (4 samples; Table T4), U1467B (77 sam-
ples; Table T5), and U1467C (14 samples; Table T6), although we
only used Holes U1467B and U1467C to determine the placement

Site U1467

Table T4. Planktonic foraminifer range chart, Hole U1467A. Download table
in .csv format.

Table T5. Planktonic foraminifer range chart, Hole U1467B. Download table
in .csv format.

Table T6. Planktonic foraminifer range chart, Hole U1467C. Download table
in .csv format.

of the biozone boundaries and to construct the age model. The
mudline sample recovered in Hole U1467A was also examined.
Planktonic foraminiferal stratigraphy shows continuous sedimenta-

Figure F16. Plate of selected planktonic foraminifers, Site U1467. 1, 2. Globigerinoides fistulosus. 3. Globorotalia tumida. 4, 5. Globorotalia margaritae.
6. Globorotalia limbata. 7. Globorotalia lenguaensis. 8, 9. Globigerinoides obliquus. 10, 11. Dentoglobigerina altispira. 12. Globoquadrina dehiscens. 13, 14. Fohsella

fohsi. 15. Globigerina rubescens pink (two specimens). Scale bars = 250 pm.
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tion from the Pleistocene to the middle Miocene. Foraminifer pres-
ervation is good in the samples from Holes U1467A and Samples
359-U1467B-1H-CC to 16H-CC. Below Sample 16H-CC (~138
mbsf), preservation in Holes U1467B and U1467C ranges from
moderate to very poor. Figure F16 shows the main species of plank-
tonic foraminifers used for biozonation and their preservation.

Interval A (Cores 359-U1467B-1H through 15H)

Interval A includes the Pleistocene and late Pliocene sequence.
Planktonic foraminifers are abundant with good to very good pres-
ervation. Three Pleistocene bioevents were identified: the LO of
Globigerinoides ruber pink (0.12 Ma) between Samples 359-
U1467B-1H-CC and 2H-CC (~3.5-12.5 mbsf), the LO of Globigeri-
noides fistulosus (1.88 Ma) between Samples 6H-CC and 7H-CC
(~51-61 mbsf), and the LO of Globorotalia limbata between Sam-
ples 8H-CC and 9H-CC (~70-79 mbsf). Within the Pliocene, we
identified the LO of Dentoglobigerina altispira (3.47 Ma) between
Samples 12H-CC and 13H-CC (~100-110 mbsf) and the LO of
Globorotalia margaritae (3.85 Ma) between Samples 14H-CC and
15H-CC (~119-128 mbsf).

Interval B (Cores 359-U1467B-16H through 69X)

Interval B encompasses the early Pliocene and the upper part of
the middle Miocene. Planktonic foraminifers are generally abun-
dant, and preservation mainly ranges from poor to moderate. Two
late Miocene bioevents were identified: the LO of Globoquadrina
dehiscens (5.92 Ma) between Samples 359-U1467B-37H-CC and
38H-CC (~338-343 mbsf) and the LO of Globorotalia lenguaensis
(6.13 Ma) between Samples 43H-CC and 44H-CC (~369-381
mbsf). The LO of Sphaeroidinellopsis seminulina (3.59 Ma) be-
tween Samples 12H-CC and 13H-CC and the FO of Globorotalia
tumida (5.57 Ma) between Samples 29H-CC and 30H-CC used to
establish the PL4/PL3 and PL1/M14 boundaries were also used to
determine zonal boundaries.

Interval C (Cores 359-U1467B-70X through 77X and 359-
U1467C-24X through 37X)

In Interval C, planktonic foraminifers are abundant but show
moderate to very poor preservation. We identified the LO of P. may-
eri (10.46 Ma) in Hole U1467B between Samples 359-U1467B-74H-
CC and 75H-CC (~581-593 mbsf) and in Hole U1467C between
Samples 359-U1467C-25H-CC and 26H-CC (~590-602 mbsf). The
small offset in depth is probably due to the low resolution of the
study, given that we only used core catchers, but we cannot rule out
a small offset between the depths calculated for both holes at this
stage. The LO of E fohsi (13.41 Ma) was tentatively identified be-
tween Samples 359-U1467C-28X-CC and 29X-CC (~620-634
mbsf). The LO of E fohsi is displayed with a large error bar in Figure
F13. Placement of the LO of this species is rather difficult because
only few small specimens are present in this interval. The occur-
rence of E fohsi in Sample 359-U1467C-37X-CC indicates that the
bottom of Hole U1467C is younger than 13.41 Ma. Additionally, we
used the FO of Neogloboquadrina acostaensis (9.83 Ma) between
Samples 359-U1467B-69X-CC and 70X-CC to place the M13/M12
zonal boundary.

Benthic foraminifers

Site U1467 provides a middle Miocene to Pleistocene record of
outer neritic to middle bathyal benthic foraminiferal assemblages.
Twelve Pleistocene samples were investigated from Holes U1467A
and U1467B, and four Pliocene samples were investigated from
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Hole U1467B. Thirteen late Miocene samples were investigated
from Holes U1467B and U1467C, as well as four middle Miocene
samples from Hole U1467C.

Changes in benthic faunas from the middle to late Miocene sec-
tions in Holes U1467B and U1467C may suggest the initiation of
lower oxygen conditions during primary productivity pulses. An in-
crease in abundance of the benthic foraminifer genus Bolivina is ob-
served in Sample 359-U1467B-77X-CC and Samples 359-U1467C-
26X-CC to 32X-CC. Previous work on benthic foraminifers from
ODP Site 714 in the north central Indian Ocean by Boersma (1990)
shows similar benthic assemblages. Boersma’s Site 714 study used
bolivinids as tracers of low-oxygen waters or bottom conditions re-
lated to the presence of a distinct onset around 10 Ma. Bolivinid
abundance at Site 714 was used to recognize times of high primary
production in the South Indian upwelling zone.

Interval A (Cores 359-U1467B-1H through 15H)

Benthic foraminifers are abundant in the Pleistocene and late
Pliocene sequence intervals and show good to very good preserva-
tion. The assemblage is dominated by very large agglutinated ben-
thic foraminifers (Reophax sp.), Textularia sp., Uvigerina hispida,
Uvigerina proboscidea, Uvigerina sp., and small miliolids. Ostracods
are also abundant throughout this interval, with good to very good
preservation. Fish teeth are common, and the samples are also rich
in pteropods with whole shells and fragments (Figures F17, F18).

Interval B (Cores 359-U1467B-16H through 69X)

Throughout this Pliocene and upper part of the middle Miocene
interval, benthic foraminifers are abundant and record outer neritic
to middle bathyal paleodepths. Benthic foraminiferal preservation
in Holes U1467B and U1467C ranges from moderate to very poor
below Sample 359-U1467B-16H-CC (~138 mbsf) (Table T7). Uvi-
gerina sp. is common throughout this succession as well. Benthic
foraminifers are accompanied by siliceous material (sponge spic-
ules, diatoms, and radiolarians) throughout this succession.

Interval C (Cores 359-U1467B-70X through 77X and 359-
U1467C-24X through 37X)

In Interval C, benthic foraminifers are abundant but show mod-
erate to very poor preservation. Bolivinids become common in this
interval, with both smooth flat and crenulated bolivinids present
(Figure F19). Siphonina pozonensis is also common in this interval,
indicating an outer neritic to middle bathyal paleodepth.

Ostracods

A preliminary examination of ostracods at Site U1467 was con-
ducted in selected core catcher samples from Holes U1467A—
U1467C (Table T8). In Hole U1467A, ostracods were examined in
Samples 359-U1467A-1H-CC to 4H-CC (Middle to Late Pleisto-
cene) and in the mudline (sediment/water interface) sample. In
Hole U1467B, ostracods were examined in Samples 359-U1467B-
1H-CC to 8H-CC (early to Late Pleistocene); 12H-CC, 17H-CC,
22H-CC, 27H-CC, and 28H-CC (Pliocene); and 32H-CC, 37H-CC,
42F-CC, 47F-CC, 53F-CC, 58F-CC, 63X-CC, and 68X-CC (late
Miocene). In Hole U1467C, ostracods were examined in Sample
359-U1467C-33X-CC (middle Miocene).

Pleistocene ostracod fauna

Ostracods are most abundant in the Pleistocene section of Site
U1467 and show very good to good preservation. This interval is di-
vided into a mid- to Late Pleistocene assemblage and an early Pleis-

Volume 359



C. Betzleretal. Site U1467

Figure F17. Plate of Pleistocene large agglutinated benthic foraminifers (359-U1467B-1H-CC). 1-6. Reophax sp. 7-12. Unidentified agglutinates. Scale bars =
100 pm.

Figure F18. Plate of representative benthic foraminifers. Upper bathyal benthic foraminifer Siphonina pozonensis is abundant from the middle to late Miocene:
1, 2. S. pozonensis (359-U1467B-53F-CC). 3, 4. S. pozonensis (359-U1467C-28X-CC). Planulina sp. is common in late Miocene intervals: 5. Planulina sp. (359-
U1467B-3H-CC). Fish teeth occur throughout Site U1467: 6. Fish tooth, unidentified species (359-U1467C-24X-CC). The most common types of uvigerinids
abundant throughout Site U1467: 7. Uvigerina hispida (359-U1467B-3H-CC). 8. Uvigerina proboscidea (4H-CC). 9. Uvigerina mexicana (3H-CC). Scale bars = 100
pum.
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Table T7. Benthic foraminifer range chart, Holes U1467A, U1467B, and U1467C. Download table in .csv format.

Figure F19. Plate of middle to late Miocene bolivinid benthic foraminifers. 1, 2. Smooth flat bolivinids (359-U1467B-77X-CC). 3, 4. Smooth flat bolivinids (359-
U1467C-24X-CC). 5-7. Smooth flat bolivinids (26X-CC). 8-10. Crenulate bolivinids (26X-CC). 11-13. Crenulate bolivinids (27X-CC). 14. Smooth flat bolivinid

(27X-CQ). 15, 16. Smooth flat bolivinid (28X-CC). Scale bars = 100 um.

Table T8. Ostracod range chart, Holes U1467A, U1467B, and U1467C. Down-
load table in .csv format.

tocene assemblage. The mid- to Late Pleistocene group is
dominated by the ostracod genera Bradleya, Cytherella, Krithe, Ar-
gilloecia, and Cytheropteron and represents an outer neritic to up-
per bathyal paleoenvironment. The early Pleistocene assemblage is
dominated by Bradleya, Mutilus, Argilloecia, Xestoleberis, Krithe,
Bairdiids, and Loxocorniculum and is interpreted as representing
middle to outer neritic conditions.

Pliocene ostracod fauna

Ostracods are less abundant in the Pliocene section of Site
U1467 and show moderate to poor preservation. The Pliocene as-
semblage is characterized by Bradleya and Cytherella as the major
components, with Leptocythere, Loxocorniculum, Krithella?, Bairdi-
ids, Cytheropteron, and Caudites as secondary components. This
assemblage is interpreted as representing middle to inner neritic
conditions.

Miocene ostracod fauna

Ostracods are common throughout the Miocene section, and
their preservation is generally poor to moderate. The Miocene as-
semblage is dominated by Bradleya and Cytherella, with Cytherop-
teron, Xestoleberis, and Krithe as secondary components. This
assemblage represents an outer neritic to upper bathyal paleo-
environment.
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To assess the variability of bottom water ventilation during the
late Miocene to the Pleistocene at Site U1467, the stratigraphic dis-
tribution of infaunal taxa (Krithe, Argilloecia, Australoecia, Macro-
cyprina, Pontocypris, etc.) was investigated. The infaunal lifestyle of
these taxa has been inferred from the smooth elongate morphology
of their carapace, as is the case for Krithe (e.g., Coles et al., 1994;
Majoran and Agrenius, 1995; Alvarez Zarikian et al., 2009; Aiello et
al., 2015). Infaunal ostracod taxa are generally associated with
higher organic matter flux to the seafloor, poor ventilation of the
bottom water, and thus low dissolved oxygen conditions, whereas
higher abundances of epifaunal taxa are more characteristic of oli-
gotrophic environments (Alvarez Zarikian, 2015). Based on the pre-
liminary data on the distribution of infaunal ostracod taxa at Site
U1467, higher surface productivity and lower oxygen conditions
can be inferred for the Pleistocene and during two intervals in the
late Miocene.

Radiolarians

A total of 4 core catcher samples from Hole U1467A, 42 core
catcher samples from Hole U1467B, and 7 core catcher samples
from Hole Ul467C were prepared for radiolarian analysis. We
found radiolarians in 2 core catcher samples from Hole U1467A
(Samples 1H-CC and 3H-CC) and 11 core catcher samples from
Hole U1467B (Samples 1H-CC, 2H-CC, 23H-CC, 24H-CC, 25H-
CC, 27H-CC, 59F-CC, 61F-CC, 65F-CC, 69X-CC, and 73X-CC).
Other siliceous microfossils such as sponge spicules and diatoms
show intervals of higher abundance in Hole U1467B. Siliceous
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Figure F20. Plate of radiolarians from mudline sample, Hole U1467B. 1. Buccinosphaera invaginata Haeckel. 2. Collosphaera tuberosa Haeckel. 3. Didymocyrtis
tetrathalamus (Haeckel). 4. Tetrapyle octacantha Miller group. 5. Larcopyle butschlii Dreyer. 6. Tholospira cervicornis Haeckel. 7, 8. Zygocircus productus (Hertwig)

group.

microfossils increase in abundance from Sample 359-U1467B-21H-
CC, peak in Sample 23H-CC, and are absent downcore from Sam-
ple 33H-CC. Siliceous microfossils increase again from Sample 58F-
CC, with maximum abundances in Samples 61F-CC and 73X-CC,
although the interval between Samples 65X-CC and 71X-CC is al-
most barren of siliceous microfossils. Below Sample 75X-CC, no si-
liceous microfossils were found. Almost all of the encountered
radiolarians belong to the Zygocircus productus (Hertwig) group.
No radiolarians were found in Hole U1467C core catcher samples.
Additionally, a total of 69 species were identified and counted
from the mudline sample of Hole U1467B. The most common spe-
cies is Tetrapyle octacantha Miller group, a warm-water subtropi-
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cal species. Didymocyrtis tetrathalamus (Haeckel) and Larcopyle
butschlii (Dreyer), which are warm-water and intermediate-water
species, respectively, are also common in the mudline sample (Fig-
ure F20). Five daily sea-surface water samples were also collected at
Site U1467 for the examination of modern planktonic organisms,
including radiolarians (Young et al., 2017). In these samples, 21
radiolarian species were observed including warm-water species,
such as Acanthodesmia viniculata Muller, D. tetrathalamus (Hae-
ckel), Lophophaena variabilis (Popofsky), and T. octacantha Miller
group, as well as tropical species, such as Z. productus (Hertwig)

group.
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Geochemistry
Interstitial water chemistry

Interstitial water (IW) samples were collected by squeezing
whole-round samples at a rate of one per core (recovery permit-
ting). Including mudline samples taken from both holes, 5 IW sam-
ples were taken from Hole U1467A and 105 were taken from Hole
U1467B. In addition, Rhizon samples over the upper ~40 m of Hole
U1467B were taken at a rate of two per section. Furthermore, 8 I'W
samples were taken from Hole U1467C from 588 mbsf to the bot-
tom of the hole. We describe mainly the results from Holes U1467B
and U1467C.

The applied squeezing pressure ranged from 8,000 to 30,000 psi,
and the amounts of extracted IW ranged between 30 and 50 cm?.
The 5, 10, and 15 cm whole-round cores were taken above 57 mbsf
(Sections 359-U1467B-1H-4 through 7H-4), from ~57 to ~386 mbsf
(Sections 8H-4 through 45H-4), and below 386 mbsf (Sections 47H-
2 through 359-U1467C-36X-4), respectively. Splits of IW samples
were preserved for shore-based analyses of carbon, oxygen, sulfur,
calcium, magnesium, and strontium isotopes. Concentrations of all
species measured are presented in Table T9.

Chloride, bromide, and salinity

Concentrations of Cl- measured using titration with AgNO; are
higher (~560 to ~565 mM) at shallow depths (~37.95 mbsf) than
the seawater value (~550 mM) and increase to 572.3 mM at 85.4
mbsf (Figure F21; Table T9). Concentrations then decrease to a
minimum of 549.5 mM at 239 mbsf. Below this depth, Cl- remains
relatively constant with values around 558 mM at 700 mbsf and
small peaks around 500 and 600 mbsf. Br- increases slightly from
0.86 mM at the surface to around 0.88 mM at 100 mbsf and de-
creases below this depth to 0.82 mM at 700 mbsf. Salinity is mostly
stable at 35, but between 57 and 153 mbsf, salinity is higher (35.5),
which corresponds to the peak of Cl-.

Sodium and potassium

Concentrations of Na* and K* show similar trends throughout
the cores and mirror Cl- trends, although Cl- trends are more clear
(Figure F21; Table T9). Na* in squeezed pore water samples in-
creases from 484 to 494 mM in the upper 80 mbsf, decreases to 475
mM at 239 mbsf, and remains stable below this depth at around 478
mM. Potassium is higher at the surface (~10.79 mM), remains stable
to 80 mbsf, decreases to 9.6 mM at 239 mbsf, and remains stable
again from 300 to 700 mbsf with values around 9.8 mM.

Alkalinity, pH, dissolved sulfate, and ammonium

Alkalinity shows larger variation between 2.36 and 8.97 mM,
values that are higher than those observed at Sites U1465 and
U1466. Alkalinity is stable at around 2.8 mM in the upper 47.5 mbsf,
increases to a maximum of 8.97 mM at 201 mbsf, and then gradually
decreases to 2.83 mM at 700 mbsf, which is a value similar to the
concentration found in the surface sediment sample (Figure F22;
Table T9). The pH of Rhizon samples is higher (~0.2) than that of
squeezed I'W samples, although data for both are stable in the upper
40 m. The pH of squeezed I'W samples (~7.8) is stable to 85 mbsf,
plateaus at 7.9 between 100 and 200 mbsf, and subsequently de-
creases to 700 mbsf, although the data are relatively scattered.

A depletion of SO, from 29 to 23 mM occurs between 30 and
260 mbsf. Below this depth, concentrations increase gradually
throughout the remainder of the core to 26.5 mM. The SO, profile
negatively correlates (R?> = 0.49) with that of alkalinity, and both
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peaks are around 200 mbsf. Similarly, SO,>~ is strongly negatively
correlated to ammonium (NH,*) (R? = 0.82). Concentrations of
NH,* increase linearly from approximately 170 pM at 30 mbsf to ap-
proximately 1380 pM at 260 mbsf and then decrease linearly to 442
UM at 613 mbsf.

Calcium, magnesium, strontium, and lithium

Concentrations of Ca?* increase linearly over the upper 200
mbsf from a value close to that of seawater (~11 mM) to 18 mM.
Below 200 mbsf, concentrations remain approximately stable. This
trend mirrors the Mg?* profile, which declines steadily from 56 to 45
mM over the upper 200 mbsf, with stable values below (Figure F23;
Table T9). Concentrations of Mg?* and Ca?* are strongly negatively
correlated (R*> = 0.88). As a result of both the increase in Ca?* and
decrease in Mg?*, the Mg?*/Ca?* ratios in the pore fluids steadily de-
crease from values near seawater (5.1 mol/mol) at the surface to ap-
proximately 2.5 mol/mol from 200 mbsf to the bottom of Hole
U1467C (Figure F24).

Table T9. Interstitial water chemistry, Site U1467. Download table in .csv
format.

Figure F21.1W ClI-, Na*, and K* concentrations, Holes U1467A-U1467C.
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Figure F22. IW alkalinity, hydrogen (pH), and SO, concentrations, Holes
U1467A-U1467C.
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Figure F23. IW Ca?, Mg?, Sr#, and Li* concentrations, Holes U1467A-
U1467C.
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Figure F24. IW Sr**/Ca?, Mg*/Ca?*, Ca**/Cl, and Mg*/Cl-, Holes
U1467A-U1467C.
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Concentrations of Sr?* increase sharply from less than 120 pM
to around 500 uM from 35 to 100 mbsf. Pore fluid Sr** concentra-
tions do not exceed 500 uM, and those at Site U1467 are higher than
those at Sites U1466 and U1465 (see Figure F33 in the Site U1466
chapter [Betzler et al., 2017c]). Concentrations of Sr** then become
stable at ~600 uM between 100 and ~400 mbsf before decreasing to
261 uM at the bottom of Hole U1467C (700 mbsf). On the other
hand, Li* concentrations are somewhat similar, with a stable inter-
val between 100 and 500 mbsf, but have a negative trend compared
to those of Sr?* from 500 mbsf to the bottom of the hole (700 mbsf).
Lithium is constant at approximately 20 pM from the surface to
around 500 mbsf and then increases to 32 uM at the bottom of the
hole, the interval in which Sr** decreases. Sr?*/Ca?* ratios in the
pore fluid also increase sharply in the upper 35-100 mbsf and grad-
ually decrease to 700 mbsf. This profile differs from that of
Mg?*/Ca**, which decreases over the same intervals. Although
Ca?*/Cl- reflects the profile of Ca?, Mg?*/Cl- is almost stable
throughout the holes because of similar decreasing trends in both
concentrations between 100 and 230 mbsf.

Iron, barium, boron, and silicon

Iron, boron, and barium concentrations are almost in the same
range as those found at Site U1466, whereas those of silicon are
higher (Figure F25; Table T9).
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Figure F25.1W Fe, B, Ba, and Si concentrations, Holes U1467A-U1467C.
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Iron is mostly less than 2 uM and stable throughout Holes
U1467B and U1467C with some scattered values found between
300 and 500 mbsf.

Boron ranges between 420 and 571 uM, increasing very slightly
from 420 puM at the surface to 570 pM at 324 mbsf and then de-
creasing to values similar to those found at the surface.

Barium ranges from 0.22 to 0.76 uM and does not show any sys-
tematic trend throughout Holes U1467B and U1467C.

Silicon exhibits multiple localized maxima and minima
throughout the holes. Silicon initially increases from around 130 to
710 pM between 100 and 200 mbsf, parallel to an increase in alka-
linity (Figure F22). Below 200 mbsf, Si concentrations remain
higher between 540 and 920 pM with some variations. This concen-
tration is roughly twice that found at Site U1466.

Bulk sediment geochemistry

Calcium carbonate

Carbonate content was determined at a rate of one sample per
section, and carbon was determined at a rate of one sample per
core. In total, 260 samples were analyzed. Because dolomite con-
centrations are very low (maximum = 2%) at Site U1467 compared
to Site U1466, no correction is applied to carbonate contents. The
range of carbonate content is between 70.5 and 95.6 wt%, and only a
few samples exceed 95 wt%, with the exception of the data at 54.7
mbsf (106 wt%), which seems to be an error because no dolomite is
found at this depth. This carbonate content is lower than that found
at Site U1466, where the majority of the data falls between 85 and 99
wt% (Figure F26; Table T10). Carbonate content in the upper 50
mbsf increases slightly from 75 to 95 wt% with an average value of
83.8 wt%. Below this depth, carbonate content varies, whereas the
mean content increases to 88.2 wt% from 50 to 700 mbsf.

Organic carbon

Total organic carbon concentration was measured on one sam-
ple per core and ranges between 0.0 and 4.0 wt% with the exception
of four samples at 88.8, 112.1, 167.7 and 666.5 mbsf, which have
more than 5 wt% organic carbon (Figure F26; Table T10). Several
samples have calculated organic concentrations less than zero. This
is an artifact of the inadequate method of determining the amount
of organic carbon in carbonate-rich sediments (see Geochemistry
in the Expedition 359 methods chapter [Betzler et al., 2017a]).

Total organic nitrogen is low, ranging from 0.09 to 0.18 wt%. As
aresult of the persistent negative percent carbonate, no attempt was
made to calculate C:N.
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Figure F26. Carbonate and organic carbon contents, Holes U1467A-U1467C.
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Table T10. Carbon and nitrogen, Site U1467. Download table in .csv for-
mat.

X-ray diffraction

Mineralogy was determined at a rate of approximately one sam-
ple per core, with additional material supplied from the Sedimentol-
ogy group. In the upper ~120 mbsf, the sediment consists of
between 28% and 57% aragonite, with the remainder being com-
posed of low-Mg calcite (LMC) and small amounts of high-Mg cal-
cite (HMC) (Figure F27; Table T11). Below this depth, LMC
predominates with an admixture of dolomite and celestine. How-
ever, celestine is only found between 163 and 393 mbsf. Below this
interval, neither celestine nor dolomite was observed. Aragonite ap-
pears again from 500 to 610 mbsf with contents less than 23%.
Quartz contents are less than 1% throughout Site U1467.

Major, minor, and trace element composition

Minor and trace element concentrations were measured on all
IW squeezed samples from Holes U1467A-U1467C. The most im-
portant elements relevant to carbonate diagenesis (Sr, Mg, Fe, and
Mn) are presented in Figure F28 as molar ratios relative to calcium.
All data are presented in Table T12.

Strontium and magnesium

Bulk sediment Sr/Ca ratios are variable throughout the core,
ranging from 0.4 to 6.1 mmol/mol, which is higher those found at
Site U1466 (~4 mmol/mol). Ratios of Sr/Ca exceeding 5 mmol/mol
were found between 100 and 200 mbsf and between 500 and 600
mbsf. On the other hand, Mg/Ca is higher and more variable above
200 mbsf with a mean value of 5.5 mmol/mol. There is a stable in-
terval with values around 3.5 mmol/mol from 250 to 500 mbsf. Be-
low this depth to the bottom of the hole, Mg/Ca increases to 6.0
mmol/mol.

Manganese and iron

Ratios of Mn/Ca are stable at around 35 pmol/mol throughout
the core, whereas Fe/Ca is higher at the surface (approximately
above 60 mbsf), as seen at Site U1466. The initial higher Fe/Ca ra-
tios vary between 60 and 170 umol/mol and remain constant, simi-
lar to Mn/Ca, at around 70 pmol/mol below 100 mbsf.
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Figure F27. Relative concentrations of aragonite, HMC, LMC, dolomite, and
quartz measured using XRD, Site U1467.
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Table T11. XRD results, Site U1467. Download table in .csv format.

Figure F28. Sr/Ca, Mg/Ca, Mn/Ca, and Fe/Ca, ratios of sediments, Site U1467.
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Table T12. Solids geochemistry, Site U1467. Download table in .csv format.

Volatile hydrocarbons

Samples for the analysis of methane, ethene, ethane, propene,
and propane (headspace gases) were taken from cores from Holes
U1467A-U1467C. These samples were generally taken from the top
of Section 5 in each core when an IW sample was taken. Methane
concentrations remain between 1.6 and 12.0 ppmv, increase slightly
from the surface to 300 mbsf, and then remain mostly stable at
around 5 ppmv with some scattering values (Figure F29; Table
T13). Ethane is only present in measurable quantities (~1 ppmv) at
249-277, 324, 580, and 706 mbsf.
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Discussion

The geochemistry of the interstitial fluids from Site U1467 indi-
cates that significant remineralization of organic material has oc-
curred below 50 mbsf, as reflected by changes in SO,* and
alkalinity. The sharp increase in alkalinity between 50 and 280 mbsf
coincides with a decrease in SO~ concentrations over this range,
although there is a small depth discrepancy between the maxima
and minima of these two species. The odor of H,S was also noted
upon core recovery and squeezing of whole-round samples, sug-
gesting that bacterial sulfate reduction (BSR) probably accounts for
the observed trend. Because large amounts of NH,* are released
during the decomposition of sedimentary organic matter, a negative
correlation between SO,%- and NH,* is also related to the oxidation
of organic matter. Comparing these data with data from ODP Site
716 (Shipboard Scientific Party, 1988), the overall concentrations of
alkalinity are significantly greater in Hole U1467B. In addition, the
SO,* profile in Hole 716A shows only minor decreases in SO,

Although Cl-, Na*, and K* are generally thought of as conserva-
tive ions, an increasing trend in Cl- from the sediment surface to
around 100 mbsf that may be related to the last glacial period when
salinity was greater than today as a result of Northern Hemisphere
glaciation. This trend was first noted in Deep Sea Drilling Project
(DSDP) pore fluids by McDuff (1985), who assumed that chloride
was 3.7% elevated at maximum glaciation based on model calcula-
tions using the stacked 880 record of SPECMAP (Imbrie et al.,
1984) for the interval from 0 to 0.8 Ma and reported a ~1.5% in-
crease in Cl- in pore fluids from the northwest Pacific (DSDP Leg
86). The elevation of Cl- found from the surface (mudline) to 100
mbsf in Hole U1467B is ~2.7% higher, which is lower than the
model (3.7% elevation), and suggests that diffusion has dampened
the signal over time. Pore waters that are elevated in Cl- were shown
to have higher 880 values, thus enabling the 880 of ocean water to
be reconstructed (Schrag et al., 1996).

At Site U1467, aragonite concentrations remain relatively high
(~60%) in the upper 50—-100 mbsf (lithostratigraphic Unit I), similar
to those at Site U1466, indicating possible input from adjacent plat-
forms during changes in sea level. Sr?* concentrations do not in-
crease in the pore fluids over this interval, supporting the
hypothesis that aragonite concentrations were not reduced by dia-
genesis in this depth range.

Below 50 mbsf in Hole U1467B, aragonite concentrations de-
crease to less than ~15% at 125 mbsf. This decrease could be a result
of diminishing input of aragonite or more likely the dissolution of
aragonite followed by precipitation of calcite. This latter idea is sup-
ported by the substantial increase in Sr?* in the pore water, which is
attributable to the exclusion of Sr?* during the precipitation of cal-
cite. Low (<10%) aragonite contents occur between 200 and 500
mbsf, and aragonite appears again from 500 to 613 mbsf. This ara-
gonite interval corresponds to lithostratigraphic Unit V. Strangely,
Sr?* concentrations in the pore fluids exhibit a slight decreasing
trend within this interval (below 500 mbsf), whereas Li* concentra-
tions increase, although Li* concentrations are mostly stable above
500 mbsf. Dissolved Li* concentrations are influenced by (1) early
diagenesis of opal-A, (2) recrystallization of biogenic carbonate, and
(3) reactions involving clay minerals (Gieskes, 1983). Although it is
difficult to conclude which process controls the Li* profile at Site
U1467, there is a possible lithologic control on fluctuation of Li* in
the pore fluid. The decrease in Sr?* is probably controlled by a sink
of Sr?* located at a deeper interval that was not cored.

X-ray diffraction (XRD) analyses revealed celestine (SrSO,) be-
tween 163 and 393 mbsf, indicating that pore water concentrations
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Figure F29. Methane and ethane concentrations in headspace, Site U1467.
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Table T13. Headspace hydrocarbons, Site U1467. Download table in .csv
format.

Figure F30. lon activity product (IAP) of SrSO,, Site U1467. Activity coeffi-
cients from Baker and Bloomer (1988). Vertical line = equilibrium constant of
1075 (Reardon and Armstrong, 1987). Site U1466 pore waters also attain sat-
uration with respect to celestine, but the mineral was not detected at this
site.
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of Sr?* and SO,?- attain supersaturation with respect to this mineral
(Figure F30). This phenomenon was noted at numerous other
DSDP and ODP sites and is related to the increase in Sr?* as a result
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of the conversion of biogenic calcite and aragonite to LMC (Baker,
1986; Baker and Bloomer, 1988; Kramer et al., 2000; Swart et al.,
1993; Swart and Burns, 1990; Swart and Guzikowski, 1988). At Site
U1467, celestine occurs in an interval of unusually high sedimenta-
tion rates (see Biostratigraphy) that led to BSR, carbonate recrys-
tallization, and consequent buildup of Sr?*. Therefore, in spite of the
reduction of SO,2- in this interval, there was sufficient Sr?* to pro-
duce supersaturation with respect to celestine.

Paleomagnetism

Pass-through superconducting rock magnetometer (SRM) mea-
surements were performed on most archive-half cores at 5, 10, or 15
cm intervals with stepwise alternating field (AF) demagnetization
up to 30 or 40 mT. Anisotropy of magnetic susceptibility (AMS) was
measured in 72 discrete samples, and 6 discrete samples collected
from the working halves were fully demagnetized up to 70 mT. Most
of the cores drilled with the APC system (Cores 359-U1467A-1H
through 4H, 359-U1467B-1H through 37H, and 359-U1467C-1H
through 22H) were oriented with the Icefield MI-5 orientation tool,
and declination data were used to interpret paleomagnetic data.

Natural remanent magnetization
of sedimentary cores

Natural remanent magnetization (NRM) intensity, inclination,
and declination in Holes U1467A-U1467D were compared with in-
tensity, inclination, and declination results obtained from demagne-
tization at 15, 30, and 40 mT. Paleomagnetic directions after
demagnetization at 30 mT were used to interpret paleomagnetic
data. The two upper units, which consist of unlithified planktonic
foraminifer—rich wackestone (lithostratigraphic Units I and II; see
Lithostratigraphy), have NRM intensity ranging approximately be-
tween 5 x 10°and 1 x 10! A/m with the highest intensity found in
the upper part of each core and decreasing several orders of magni-
tude within two to three core sections. The high-intensity peaks
were maintained after demagnetization at 30 or 40 mT (Figures F31,
F32), indicating that they were not caused by drilling-induced re-
magnetization but are related to changes in magnetic properties,
most likely contamination from drill pipes. As a result, the pipes
were cleaned after completing Hole U1467B (see Operations). Al-
though the pipe cleaning reduced the intensity of the drilling-in-
duced magnetization peaks observed in the upper sections, it did
not solve the problem entirely. The first two sections of every core
continued to show a magnetic overprint. Therefore, we skipped
measuring the first two sections of every core after Core 359-
U1467C-11H.

The NRM intensity of the lithified planktonic foraminifer—rich
wackestone in Unit IV (502.50—-707.92 mbsf) deduced from the less
contaminated part of the cores (i.e., the bottom sections) ranges ap-
proximately from 5 x 10 to 1 x 10™* A/m.

Paleomagnetic demagnetization results

Magnetization by drilling overprint was successfully eliminated
at the first step of AF demagnetization (15 mT); however, the direc-
tions of characteristic remanent magnetization (ChRM) were seri-
ously flawed because of massive contamination of the sediment
cores. Hole U1467A gave no interpretable directions (Figure F31).
The upper 190 mbsf of Hole U1467B gave random directions. In the
interval between 190 and 255 mbsf, paleomagnetic directions
started to behave coherently, possibly because of decreased contam-
ination and a higher NRM, which increased from approximately 1 x
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Figure F31. NRM intensity, declination, and inclination, Hole U1467A. The
randomly dispersed directions did not allow interpretation. Intensity
changes by about five orders of magnitude within each core with maximum
intensities at the top of each core.
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10%to 1 x 10~* A/m (Figure F32). Two clear reversals were recog-
nized within this interval in Sections 359-U1467B-24H-6 and 26H-
6. Below 255 mbsf, inclinations show a steep downward orientation
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Figure F32. NRM intensity, declination, and inclination, Cores 359-U1467B-
1H through 37H. Paleomagnetic directions are randomly oriented, and
intensity has the same characteristic pattern observed in Hole U1467A to
about 180 mbsf. Below this depth, paleomagnetic directions have consistent
declinations and inclinations within the same core and the peaks of highest
intensity are reduced. This part of Hole U1467B provided some useful mag-
netic stratigraphy.
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that might be related to remagnetization and formation of greigite
associated with celestine, which was recognized between Cores 19H
and 50F. Because Hole U1467C was drilled after cleaning the drill
pipes (see Operations), we hoped to interpret the paleomagnetic
direction. We removed the first two sections of each core, which de-
spite the cleaning effort still showed significant contamination, and
computed the mean Fisher direction for each section to increase the
signal-to-noise ratio (Figure F33). Hole U1467D cores were not ori-
ented, and paleomagnetic directions had constant positive inclina-
tions that gave no information about geomagnetic polarity changes
(Figure F34).

Demagnetization of six discrete samples from lithostratigraphic
Units I-IIT in Hole U1467B did not allow determination of the
ChRM because of the weak intensity (Figure F35). The low intensi-
ties measured in the discrete samples, which are taken from the
central part of the core, compared to the large intensities measured
in the half cores suggests that contamination was limited to the ex-
ternal surface of the cores. The intensities of these discrete samples
should be measurable by a cryogenic magnetometer, and we plan to
perform these measurements as part of the shore-based research.

Magnetostratigraphy

Most APC cores from Holes U1467A-U1467C were oriented,
and polarity was identified using magnetic declination in the few in-
tervals that gave interpretable results. Of about 900 m of recovered
core, we only recognized a series of magnetozones between ~100
and 200 mbsf in Hole U1467C and between 195 and 255 mbsf in
Hole U1467B (Table T14). These series were interpreted as Chrons
C2Ar through C3n.3n (Gradstein et al., 2012) based on the relative
length of each polarity zone and on the paleontological age model.
A summary of polarity reversals found in Holes Ul467B and
U1467C is shown in Figure F36.

Between 580 and 714 mbsf in Hole U1467C (Cores 24X-37X)
the presence of another series of possible normal and reversed po-
larity intervals is based only on the analysis of inclinations, which
are less than 20° and consistent with the paleocolatitude for this site.
We tentatively interpret this sequence as Chrons C5n.2n through
C5An.2n (Gradstein et al., 2012) (Figure F37).
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Figure F33. NRM intensity, declination, and inclination, Hole U1467C. Gray Figure F34. NRM intensity, declination, and inclination, Hole U1467D. Unori-

lines = data with unreasonably high intensity, which were removed before ented cores and constantly positive inclination did not allow interpretation
the interpretation. Circles = Fisher (1953) mean direction of each section. of these data.

High-intensity peaks are still present despite cleaning the drill pipe, but

averaged paleomagnetic directions are not extremely scattered and give Hole U1467D
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Figure F35. Representative vector endpoint diagrams (Zijderveld, 1967) of magnetization directions, Site U1467. Sediment samples went through stepwise AF
demagnetization, and discrete samples were measured with the AGICO spinner magnetometer (JR-6A). Straight blue lines = ChRM component derived by

principal component analysis (Kirschvink, 1980).
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Table T14. Depth and ages (Gradstein et al., 2012) of recognized chron boundaries from a series of magnetozones between ~100 and 200 mbsf in Hole U1467C
and between 195 and 255 mbsfin Hole U1467B. * = alternate interpretation. Download table in .csv format.

Hole U1467C  Hole U14767B
depth (mbsf)  depth (mbsf) Chronbase Chrontop Age (Ma)
231.1 C3n.2r C3n.3n 4.799
211 C3n.2n C3n.2r 4.631
179.3-182.6 C3n.1r C3n.2n 4493
169.9-173.1 C3n.1n C3n.1r 4.300
154.2 C2Ar C3n.1n 4.187
101.6-104.8* C2An C2Ar 3.596
117.5 C2An C2Ar 3.596
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F36. NRM intensity, declination, and inclination with magnetostrati-

graphy, Holes U1467B and U1467C. Polarity: black = normal, white =
reversed, gray = uncertain.
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Figure F37. Inclination and magnetostratigraphy, Cores 359-U1467B-24X
through 37X. Solid black line = five-point smoothing, black dashed line and
black squares = mean inclination of each section. Polarity: dark gray = black
= normal, white = reversed, possible normal chrons, light gray = possible
reversal chrons.
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Physical properties

Physical properties were measured on cores from Holes
U1467A (0-32 mbsf), U1467B (0617 mbsf), U1467C (0-714
mbsf), and U1467D (0-201 mbsf). NGR, magnetic susceptibility
(on the magnetic susceptibility logger [MSL]), gamma ray attenua-
tion (GRA; bulk density), and P-wave velocity were measured on
whole-rounds. Color reflectance and point magnetic susceptibility
(MSP) were measured on all archive-half sections. P-wave velocity
was also measured on (1) working-half sections with liners from
Holes U1467A and U1467B (0-540 mbsf) and (2) discrete paleo-
magnetic samples without liners from Hole U1467B (540-617
mbsf) and Hole U1467C (580-714 mbsf). Density/porosity mea-
surements were performed on discrete samples, one every other
section, on cores from Holes U1467A-U1467C. Thermal conduc-
tivity and shear strength measurements were performed on the
third section of soft-sediment cores from Holes Ul467A and
U1467B.

Physical properties, notably P-wave velocity, divide the sedi-
mentary formation into four petrophysical units: Unit 1 from 0 to
115 mbsf, Unit 2 from 115 to 270 mbsf, Unit 3 from 270 to 465 mbsf,
and Unit 4 from 465 to 714 mbsf.

Natural gamma radiation

NGR measured on cores from Holes U1467A-U1467D provides
insights into sediment lithology and is used for hole-to-hole cor-
relation (see Stratigraphic correlation and sedimentation rates)
(Figure F38).

In Unit 1, NGR increases with depth between 0 and 40 mbsf
from 0 to about 30 counts/s. From 40 to 115 mbsf, NGR ranges be-
tween 20 and 40 counts/s and decreases slightly with depth. Units 2
and 3 display fluctuations and an overall slight decrease. From 115
to 210 mbsf in Unit 2, NGR has the largest range with some high
values. A marked decrease in NGR begins at 210 mbsf, reaching
about 15 counts/s, but returns to 20 counts/s at 270 mbsf at the
boundary to Unit 3. It stays relatively constant at about 20 counts/s
to 395 mbsf, where NGR abruptly shifts again about 15 counts/s.
This shift coincides with an increase in lithification (see Lithostra-
tigraphy). The sediments recovered in Unit 4 record the transition
from darker to lighter successions. This transition is marked by an
important increase in NGR to about 45 counts/s at 515 mbsf. From
this depth to the bottom of the hole NGR fluctuates between 15 and
40 counts/s.

Density and porosity

Bulk density and porosity also display the four petrophysical
units, whereas grain density is constant in all units at about 2.71
g/cm?, which is the density of calcite (Figure F39). In Unit 1, bulk
density increases from 1.51 g/cm? at the seafloor to 1.70 g/cm? at 50
mbsf and then remains constant to 110 mbsf. Dry density increases
from 0.69 to 0.98 g/cm3. Porosity is very high but decreases with
depth from 75% to 65% in Unit 1. In Unit 2, bulk density increases
with depth between 115 and 170 mbsf but varies from 1.58 to 1.81
g/cm®. Below 170 mbsf, densities are constant at around 1.74 and
1.84 g/cm? for moisture and density (MAD) and GRA measure-
ments, respectively. Dry density slightly increases with depth from
0.98 to 1.17 g/cm?®. Porosities continue to decrease from 65% to 55%
to the bottom of this unit and to 52% in Unit 3. Bulk density in-
creases with depth in Unit 3—from 1.72 to 1.82 g/cm?® for MAD
measurements and from 1.82 to 1.90 g/cm?® for GRA measure-
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ments—and dry density increases from 1.17 to 1.22 g/cm?. In Unit
4, density and porosity display more variability; namely, density
continues to increase and porosity decreases, ranging from 2.2 to
1.7 g/cm?® and from 62% to 35%, respectively. Dry density is gener-
ally higher than 1.22 g/cm?® and more scattered. In this unit, porosity
decreases and density increases coincide with velocity increases and
vice versa, reflecting the alternation between cemented and nonce-
mented (soft sediment) layers.

P-wave velocity

P-wave velocities for all units are shown in Figure F40.

In Unit 1, measurements on whole-round and split cores with
the P-wave caliper (PWC) are fairly constant at about 1600 m/s. In
Unit 2, whole-round measurements are scattered and reach 2500
m/s and measurements on split cores are similar to those in Unit 1,
except for four points with higher velocities, one reaching 2220 m/s.
These higher values were measured in intervals with better lithifica-
tion associated with celestine precipitation (see Lithostratigraphy).

Figure F38. NGR, Site U1467.
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Figure F39. Bulk density from GRA and MAD, grain and dry density, and porosity, Site U1467.
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The scattered pattern reflects the alternation between lithified and
nonlithified intervals. P-wave velocity values in Unit 3 are similar to
those in Unit 1.

Below 465 mbsf in Unit 4, P-wave velocity increases signifi-
cantly, locally reaching 4200 m/s because of the abrupt increase in
lithification. Likewise, the scattering velocities reflect variations in
lithification from hard layers to soft-sediment layers that have ve-
locities close to 2000 m/s. Low velocities close to 1450 m/s in
whole-round measurements are related to water or air bubbles in
the liner and do not represent rock velocity. P-wave velocity was
measured with the logging tool display slightly higher values and a
downbhole increase in velocity (see Downhole measurements). In
addition, a velocity inversion is seen at the bottom of the hole at
~600 mbsf (Figure F47).
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U1467A dry density
U1467B dry density
U1467C dry density

X X x m = ®m

Color reflectance

Color reflectance data for all units are shown in Figure F41. Be-
tween 0 and 90 mbsf in Unit 1, L* and b* increase slightly from
about 40 to 50 and 7 to 10, respectively. They then shift to lower
values and reach about 30 and 6, respectively, at the bottom of the
unit. a* slightly increases throughout Units 1 and 2. In Unit 2, L*, a*,
and b* first have high-frequency variations and are generally con-
stant at 30, 0.7, and 6, respectively, but at 235 mbsf, they increase to
50, 1, and 7, respectively, before decreasing slightly with depth. L*
values in Unit 3 are arranged into three cycles of increasing and de-
creasing values. The lower values in these cycles are around 40 at
280, 340, and 400 mbsf. The higher values are around 55 at 310, 360,
and 450 mbsf. These three cycles could be related to eccentricity cy-
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Figure F40. P-wave velocity from the WRMSL, split cores, and discrete samples, Site U1467.
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cles, particularly L* (see Stratigraphic correlation and sedimenta-
tion rates). In Unit 4, the ranges of values increase. L* decreases
with depth between 465 and 615 mbsf and then increases with
depth between 615 and 714 mbsf. a* values increase with depth
from 465 to 550 mbsf and then slightly decrease with depth. b* dis-
plays no particular trend with depth.

Magnetic susceptibility

In general, magnetic susceptibility is very low and related to the
diamagnetic component of high carbonate content sediments of the
measured cores (Figure F42). A low offset of magnetic susceptibility
values appears between two data sets: measurements with the MSL
ranges from about —2 to 0 IU, whereas MSP measurements range
from about —10 to -5 IU. For both data sets, constant trends with
depth occur. The magnetic susceptibility data suggest that the up-
per half of every core was contaminated with rust from the drill
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string (see Paleomagnetism). This magnetic overprint was manu-
ally removed from the data presented here.

Thermal conductivity

A total of 69 samples from Holes U1467A and U1467B were
measured (Figure F43). Thermal conductivity ranges from 0.853 to
1.399 W/(m-K) with a mean value of 1.202 W/(m-K) (standard devi-
ation = 0.105 W/[m-K]) (Table T15). Thermal conductivity gener-
ally increases with depth with the most pronounced increase from
0.853 to 1.252 W/(m-K) between 0 and 70 mbsf in Unit 1. Thermal
conductivity decreases slightly in Unit 2 from 1.252 to 1.169
W/(m-K). In Units 3 and 4, thermal conductivity is constant al-
though more variable with depth at about 1.250 W/(m-K).

Shear strength

A total of 28 shear strength measurements were performed in
soft sediment with the manual Torvane shear device from 0 to about
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Figure F41. Color reflectance, Site U1467.
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185 mbsf (Figure F43). Shear strength does not display any trend
with depth.

Discussion

In each petrophysical unit, different diagenetic processes affect
the recorded physical properties. In Unit 1, sediments are soft and
have high water content. As expected, porosity is high and velocity
and density are low. In Units 2 and 3, partial lithification is common,
resulting in local increases in P-wave velocity and variability in den-
sity and porosity. In Unit 4, the high variability of P-wave velocity,
density, and porosity reflects the alternation between cemented and
noncemented (soft sediment) layers.

Uranium is the dominant contributor to NGR in Site U1467 sed-
iments (see Downhole measurements) and most commonly re-
flects the relative abundance of clay and/or organic material within
the sediments. Recovered sediments have little to no clay (see
Lithostratigraphy) and therefore the major carrier for uranium is
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— U1467B

U1467C
———U1467D

U1467A

organic material (see Geochemistry). The cyclic nature in NGR at
Site U1467 may be related to climate cycles (see Stratigraphic cor-
relation and sedimentation rates). Production is tied to the sea
level cycle in which sea level highstands flood the bank tops and off-
bank transported sediment dominates sedimentation in the drift.
Confirmation of this process lies in the fact that NGR variations are
correlated with the L* record. In each unit, color reflectance L*, a*,
and b* display large variations synchronous with the visible dark
and light alternating colors of sediments. These repetitive color
variations are likely related to cyclic variations in sediment input.
The dark levels are possibly related to organic matter preserved
during decreased periods of bottom water oxygenation, whereas the
light levels are possibly related to more aragonite content (see
Lithostratigraphy). These cyclic variations are also used for strati-
graphic correlation between different sites (see Stratigraphic cor-
relation and sedimentation rates). Moreover, NGR appears to
correlate to eccentricity cycles from 0 to about 465 mbsf.
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Figure F42. Magnetic susceptibility, Site U1467.
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Figure F43. Thermal conductivity and shear strength, Site U1467.

Table T15. Thermal conductivity (TC), Site U1467. NA = not applicable. (Continued on next page.) Download table in .csv format.
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Thermal conductivity
(W/[m-K])

1.2

1.4

T

TC TC standard
Core, Depth  measurement TCmean  deviation  Rock
section CFS-A(m)  (W/[mK])  (W/[mK]) (W/[mK]) type
359-U1467A-
1H-3 3.000 0.957 0.957 NA Soft
2H-3 7.240 0.976 0.976 NA Soft
3H-3 16.750 0.955 0.955 0.001 Soft
3H-3 16.750 0.954 Soft
3H-3 16.750 0.955 Soft
359-U1467B-
1H-2 1.950 0.853 0.853 NA Soft
2H-3 7.250 1.010 1.007 0.004 Soft
2H-3 7.250 1.002 Soft
2H-3 7.250 1.009 Soft
3H-3 16.750 0.877 0.890 0.018 Soft
3H-3 16.750 0.902 Soft
4H-3 26.250 0.977 0.974 0.003 Soft
4H-3 26.250 0.973 Soft
4H-3 26.250 0.971 Soft
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Shear strength (N/m2) E

[N

16 0 20 40 60 80 100 o

. Te T T T T

1 L . - i 1

1 L 1] 2

I 113

Il 11 4

1L U1467A |
U1467B
] C | | | | ]
TC TC standard
Core, Depth  measurement TCmean deviation  Rock
section CFS-A(m)  (W/ImK])  (W/[mK]) (W/[mK]) type
5H-3 35.750 0.995 1.013 0.019 Soft
5H-3 35.750 1.032 Soft
5H-3 35.750 1.012 Soft
6H-3 45.250 1.077 1.077 NA Soft
7H-3 54.750 1.109 1.109 NA Soft
8H-3 64.260 1.054 1.054 NA Soft
9H-3 73.750 1.156 1.156 NA Soft
10H-3 83.250 1.075 1.075 NA Soft
11H-2 91.260 1.098 1.101 0.004 Soft
11H-2 91.260 1.105 Soft
11H-2 91.260 1.100 Soft
13H-3  104.150 1.034 1.029 0.009 Soft
13H-3  104.150 1.034 Soft
13H-3  104.150 1.018 Soft
14H-3  113.650 1.084 1.085 0.001 Soft
14H-3  113.650 1.086 Soft
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Table T15 (continued).

TC TC standard
Core, Depth  measurement TCmean deviation  Rock
section CFS-A(m)  (W/[mK])  (W/ImK]) (W/ImK]) type

15H-3  123.150 1.207 1.205 0.004 Soft
15H-3  123.150 1.200 Soft
15H-3  123.150 1.207 Soft
16H-3  132.650 1.222 1.221 0.012 Soft
16H-3  132.650 1.233 Soft
16H-3  132.650 1.209 Soft
17H-3  142.150 1.252 1.252 NA Soft
18H-3  151.650 1.219 1.242 0.032 Soft
18H-3  151.650 1.264 Soft
19H-3  161.150 1216 1.232 0.015 Soft
19H-3  161.150 1.246 Soft
19H-3  161.150 1.233 Soft
20H-3  170.650 1.229 1.236 0.009 Soft
20H-3  170.650 1.242 Soft
21H-3  180.150 1.178 1.178 NA Soft
22H-3  188.150 1.159 1.163 0.005 Soft
22H-3  188.150 1.162 Soft
22H-3  188.150 1.169 Soft
23H-3  199.150 1.233 1.231 0.006 Soft
23H-3  199.150 1.235 Soft
23H-3  199.150 1.224 Soft
24H-3  208.650 1.241 1.241 Soft
25H-3  218.150 1.196 1.197 0.001 Soft
25H-3  218.150 1.198 Soft
26H-3  227.650 1.216 1.184 0.046 Soft
26H-3  227.650 1.151 Soft
27H-3  237.150 1.202 1.202 NA Soft
27H-3  237.150 Soft
27H-3  237.150 Soft
28H-3  246.650 1.194 1.194 NA Soft
29H-3  256.150 1172 1.145 0.061 Soft
29H-3  256.150 1.075 Soft
29H-3  256.150 1.187 Soft
30H-3  265.650 1.179 1.179 NA Soft
31H-3  275.150 1.204 1.199 0.007 Soft
31H-3  275.150 1.194 Soft
32H-3  284.650 1.169 1.169 NA Soft
33H-3  294.150 1315 1315 NA Soft
36H-3 322,650 1.281 1.281 NA Soft
37H-3  332.150 1.217 1.222 0.006 Soft
37H-3  332.150 1.226 Soft
38F-3  340.930 1.298 1.295 0.004 Soft
38F-3  340.930 1.292 Soft
40F-3  350.690 1.100 1.113 0.013 Soft
40F-3  350.690 1.125 Soft
40F-3  350.690 1.113 Soft
41F-3  355.500 1.260 1.266 0.008 Soft
41F-3  355.500 1.271 Soft
42F-3  360.440 1.205 1.205 NA Soft
43H-3  365.150 1.231 1.230 0.002 Soft
43H-3  365.150 1.228 Soft
45H-3  384.150 1.296 1.283 0.019 Soft
45H-3  384.150 1.269 Soft
46F-3  393.400 1.258 1.259 0.001 Soft
46F-3  393.400 1.260 Soft
47F-3  398.100 1.245 1.241 0.012 Soft
47F-3  398.100 1.227 Soft
47F-3  398.100 1.250 Soft

Downhole measurements
Logging operations
Two holes were logged at this site. Hole U1467C was cored with
the APC/XCB system over the course of 3 days. Although the bore-

hole was stable, it was enlarged through most of its depth as a result
of rotation and circulation during the multiday coring process. Hole
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TC TC standard
Core, Depth  measurement TCmean  deviation  Rock
section CFS-A(m)  (W/[mK])  (W/ImK]) (W/ImK]) type

48F-3  402.800 1.288 1.257 0.044 Soft
48F-3  402.800 1.226 Soft
49F-3  407.500 1.253 1.253 NA Soft
50F-3  412.200 1.268 1.259 0.013 Soft
50F-3  412.200 1.250 Soft
51F-3  416.900 1.258 1.255 0.010 Soft
51F-3  416.900 1.263 Soft
51F-3  416.900 1.243 Soft
52F-3  421.800 1.269 1.281 0.017 Soft
52F-3  421.800 1.293 Soft
53F-3  426.500 1.293 1.287 0.009 Soft
53F-3  426.500 1.280 Soft
54F-3  431.200 1.245 1.251 0.008 Soft
54F-3  431.200 1.257 Soft
55F-3  435.640 1.286 1.276 0.024 Soft
55F-3  435.640 1.249 Soft
55F-3  435.640 1.294 Soft
56F-3  440.400 1.349 1.336 0.018 Soft
56F-3  440.400 1323 Soft
57F-3  445.100 1.276 1.276 NA Soft
58F-3  449.800 1.319 1319 NA Soft
59F-3  454.500 1.283 1.280 0.006 Soft
59F-3  454.500 1.283 Soft
59F-3  454.500 1.273 Soft
60F-3  459.200 1314 1310 0.006 Soft
60F-3  459.200 1313 Soft
60F-3  459.200 1.303 Soft
61F-3  463.900 1.276 1.275 0.002 Soft
61F-3  463.900 1.276 Soft
61F-3  463.900 1.272 Soft
62X-3  468.850 1.307 1.307 NA Soft
64X-3  485.060 1.180 1.192 0.012 Soft
64X-3  485.060 1.203 Soft
64X-3  485.060 1.192 Soft
65X-3  494.750 1.231 1.232 0.021 Soft
65X-3  494.750 1.211 Soft
65X-3  494.750 1.253 Soft
67X-3  514.170 1.170 1.160 0.009 Soft
67X-3  514.170 1.159 Soft
67X-3  514.170 1.152 Soft
68X-3  523.880 1.277 1.399 0.172 Soft
68X-3  523.880 1.520 Soft
69X-3  533.650 1.118 1.183 0.056 Soft
69X-3  533.650 1.215 Soft
69X-3  533.650 1.215 Soft
70X-2  541.400 1.250 1.245 0.005 Soft
70X-2  541.400 1.246 Soft
70X-2  541.400 1.240 Soft
73-X-3 572350 1.360 1314 0.040 Soft
73-X-3  572.350 1.292 Soft
73-X-3 572350 1.291 Soft
75X-3  591.600 1.428 1.339 0.077 Soft
75X-3  591.600 1.290 Soft
75X-3  591.600 1.299 Soft
77X-3  611.250 1.218 1.222 0.008 Soft
77X-3  611.250 1.231 Soft
77X-3  611.250 1.218 Soft

U1467E was drilled for logging with a tricone bit over a shorter time
period and consequently was in good condition for downhole log-

ging.

Hole U1467C
Downhole logging measurements were made in Hole U1467C
after completion of XCB coring to a total depth of 714 m drilling
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depth below seafloor (DSF) at 1050 h on 3 November 2015. In
preparation for logging, the hole was swept with 30 bbl of high-vis-
cosity mud and the drill pipe was raised to 102 m DSF. Because the
borehole had been stable throughout the coring process, no logging
mud was used; logging was carried out with seawater as the logging
fluid. During rig-up of the first downhole logging tool string, there
was backflow from the pipe. A slug of heavy mud was pumped to
dampen the flow. Seas were calm throughout logging operations,
and the wireline heave compensator was not used. The triple combo
was the only tool string deployed in Hole U1467C.

The full triple combo tool string, measuring gamma ray, poros-
ity, density, electrical resistivity, and magnetic susceptibility, was
rigged up and run into the borehole at 1806 h on 3 November (Fig-
ure F44). A downlog was started in the pipe just above the seafloor

Figure F44. Logging operations, Site U1467.

Site U1467

and continued to total depth at 1212 m wireline depth below rig
floor (WRF; 713 m wireline depth below seafloor [WSF]). A short
uplog pass was made at the bottom of the hole to show repeatability
of tool measurements. The tool string was run back to total depth,
and the main pass was recorded from the bottom of the hole to the
seafloor at 365 m/h. The caliper that estimates borehole diameter
was open to its maximum extent (~17 inches) through most of the
hole, with the exception of a short interval from 350 to 465 m wire-
line matched depth below seafloor (WMSEF). As a result of the en-
larged borehole size and associated potential negative effects on
data quality for measurements made with the FMS-sonic and VSI
tool strings, it was decided to end logging operations in Hole
U1467C after the triple combo run and carry out the planned
downhole logging in a dedicated hole.
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Hole U1467E

Hole U1467E was drilled to 714 m DSF with a 9% inch tricone
bit on 5 November 2015. In preparation for logging, a 30 bbl high-
viscosity mud sweep was circulated, the bit was dropped to the bot-
tom of the hole, and the pipe was pulled to 99 m DSEF. The logging
fluid was seawater, as conditions had been good during drilling. The
sea state was calm throughout logging operations with average
heave <0.3 m peak-to-peak. Three tool strings were deployed in
Hole U1467E: the triple combo, the VSI, and the FMS-sonic (Figure
F44).

At 0010 h on 6 November, the triple combo tool string de-
scended from the rig floor into the borehole. A downlog proceeded
at 610 m/h from just above the seafloor in pipe and reached the base
of the hole at 1212 m WREF (714 m WSE). A short uplog was run
from 1212 to 1085 m WRF (714 to 587 m WSF) to provide data to
crosscheck with the main pass. The tool string was run back to total
depth, and the main pass was run from the bottom of the hole to
seafloor at a speed of 365 m/h.

The caliper log from the first logging run indicated that much of
the borehole was ~14 inches in diameter, thus suitable for a VSP ex-
periment. The VSI tool string was the second deployment in Hole
U1467E because it must be run during daylight hours. Marine
mammal watch began at ~0600 h, and the air gun ramp-up began 1
h later. The parallel cluster of air guns was positioned at ~3 m below
the sea surface for the VSP, as the subseafloor targets were relatively
shallow, and the hydrophone was suspended 2 m below the cluster.
Only one 250 in? air gun was used for the VSP in Hole U1467E be-
cause the target depths were shallow and to more closely replicate
the source used during preexpedition seismic surveys (Betzler et al.,
2013; Liddman et al., 2013). The VSI tool string was lowered into the
hole at 0622 h. Before reaching the bottom of the hole, a short uplog
was taken to depth-match distinctive features in the VSI gamma ray
log with the other logging runs. The tool string tagged the bottom of
the hole at 1189 m WRF (691 m WSF), indicating that >20 m of fill
had accumulated in the bottom of the hole since the first logging
run. The VSP experiment began at 0808 h, and good sonic wave-
forms were recorded at 13 stations in the open-hole interval. Sta-
tions were spaced at roughly 50 m intervals. The survey was
finished at 1040 h, and the tool string was returned to the rig floor
and rigged down.

Rig up of the third tool string, the FMS-sonic, was completed at
1320 h, and a downlog was taken at 550 m/h from just above the
seafloor in pipe to a total depth of 1180 m WREF (682 m WSF). Stan-
dard (high-) frequency Dipole Shear Sonic Imager (DSI) transmitter
settings were used for the monopole (for compressional wave mea-
surement) and upper dipole (for shear wave measurement), and
low-frequency settings were used for the lower dipole (for shear
wave measurement). Two upward passes with the FMS-sonic tool
string were run, Pass 1 to the base of the drill pipe and Pass 2 to the
seafloor, at a speed of 365 m/h. The tool string was brought up to
the rig floor and rigged down. Logging operations at Site U1467
were completed by 1950 h on 6 November.

Downhole log data quality

During shore-based processing, all logging curves for each hole
were depth-matched using the total gamma ray log from the main
pass of the triple combo tool string as a reference log and shifted to
a seafloor depth reference, allowing a unified depth scale to be pro-
duced (WMSEF). Features in gamma ray logs from each logging pass
were aligned to the reference log to produce a complete depth-
matched data set. The data were shifted to the WMSF scale based
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on the depth of the step increase in gamma ray that indicated the
seafloor during the downlog, measured at 499.5 m WRF in Hole
U1467C and 498.2 m WRF in Hole U1467E.

The quality of the Hole U1467C logging data is compromised by
the enlarged borehole diameter (Figure F45). The caliper on the tri-
ple combo tool string was open to its maximum extent (approxi-
mately 17 inches) for much of the logged interval. Gamma ray and
resistivity logs are generally reasonable even in larger diameter
boreholes, whereas density and porosity measurements require that
the logging tools have good contact with the borehole wall. The
gamma ray log from Hole U1467C correlates well with NGR mea-
surements on cores. The density log correlates with MAD measure-
ments on cores from Holes U1467B and U1467C between 290 and
610 m WMSE, but there is a reduction in density log values above
and below this interval, suggesting that the borehole may be se-
verely washed out. The porosity log shows anomalously high values
throughout the hole compared to MAD porosity data and is not a
reliable indicator of formation porosity in this hole. The magnetic
susceptibility log shows relatively consistent values in the upper 430
m of the hole, but below this depth the susceptibility log shifts to
lower values.

The quality of downhole logging data from Hole U1467E is
good, with the borehole diameter ranging from 11 to 17 inches (Fig-
ure F46). Several larger diameter intervals below ~540 m WMSF
are at the same depths where core recovery was particularly low in
Holes U1467B and U1467C. The gamma ray, density, and porosity
logs correlate well with measurements on cores throughout the
logged interval, even in the deeper section of the borehole. Resistiv-
ity and sonic velocity logs are generally robust to the moderate
changes in borehole diameter in Hole U1467E (Figures F46, F47).
The DSI recorded P&S monopole, Stoneley, and lower and upper
dipole modes in Hole U1467E. The resulting slowness data were
converted to acoustic velocities: compressional wave velocity (V;)
from the monopole and shear velocity (V) from the upper and
lower dipoles. High coherence in sonic waveforms is indicated by
orange to red areas in the compressional and shear velocity tracks in
Figure F47. These data indicate the DSI was successful in capturing
compressional and shear arrivals through the logged interval. A
comparison of compressional wave velocity between the two passes
of the FMS-sonic tool string shows excellent agreement between
the two passes (Figure F48), providing further evidence that the
data quality is good. FMS resistivity images were also of good qual-
ity, with pads making contact with the borehole walls through most
of the open-hole interval.

During a VSP, typically 5-20 shots are recorded at each station;
ideally, 5 shots are stacked in order to minimize the signal-to-noise
ratio and provide the best waveforms for picking first arrival times.
In Hole U1467E, a relatively small number of shots (93) were
needed to pick clear arrivals at 13 stations. At 9 of the 13 stations, at
least 5 clean shots were recorded for stacking. The high-quality seis-
mic data from the VSP was likely due to several factors, including
the excellent weather conditions (no significant heave), the posi-
tioning of the air guns at 3 m below sea surface (rather than deeper
at 5-7 m), and the use of a single air gun to avoid excess power and
possible synchronization noise.

Comparison of log data quality,
Holes U1467C and U1467E

Log data in Holes U1467C and U1467E cover a significant over-
lapping interval between 100 and 680 mbsf that permits an assess-
ment of log data quality, particularly in wide boreholes (Figure F49).
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Figure F45. Triple combo logs, Hole U1467C. Note that downhole logs are on the logging depth scale, whereas natural gamma ray (NGR), density and porosity
(MAD), and magnetic susceptibility (MSL = gray dots; MSP = blue dots) core data from Holes U1467B and U1467C and core recovery are on the core depth
scale. HRLA: R3 = medium resistivity, R5 = deepest resistivity, RT = true resistivity, modeled from all depths of investigation.
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Hole U1467C was cored with the APC/XCB system with an 117%s
inch bit, whereas Hole U1467E was a dedicated logging hole drilled
with a 9% inch tricone bit. In addition to the smaller bit size used in
Hole U1467E, the drilling time (approximately 24 h) was much
shorter. Hole U1467C was cored and drilled alternately over several
days, with significant water circulation while coring.

Caliper data from the triple combo tool string show that most of
Hole U1467C was wider than the maximum extent of the caliper
arm (~17 inches), whereas much of Hole U1467E was much closer
to bit size (Figure F49). It is interesting to note that the caliper logs
show small washed-out intervals at approximately 10 m spacing.
These features were observed in Hole U1467C in the interval where
the caliper made contact with the borehole wall (~350-465 m
WMSF) and in Hole U1467E, which was drilled without coring. Part
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of hole preparation for logging included rotating and pumping for
several hours with the pipe at a fixed depth to clean out the hole.
Shipboard evaluation of cored material from Site U1467 indicates
that the formation could be washed away fairly easily with any me-
chanical contact or wear. Based on the spacing of these features,
they may correspond to the location of joints in the BHA, which are
slightly larger in diameter than the rest of the pipe.

Gamma ray logs have the same features in both holes, though
the values are slightly lower in the wider borehole. Correction for
hole diameter based on the caliper log is part of data processing for
the gamma ray measurement. However, in holes like Hole U1467C,
where the caliper arm was extended to its maximum reach, the cor-
rection was made by assuming a 17 inch diameter, which should be
considered the minimum diameter in those intervals. It is not possi-
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Figure F46. Triple combo logs, Hole U1467E. Note that downhole logs are on the logging depth scale, whereas the natural gamma ray (NGR), density and
porosity (MAD), and magnetic susceptibility (MSL = gray dots; MSP = blue dots) core data from Holes U1467B and U1467C and core recovery are on the core
depth scale. HRLA: R3 = medium resistivity, R5 = deepest resistivity, RT = true resistivity, modeled from all depths of investigation.
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ble to accurately correct for borehole sizes greater than the ~17 inch
caliper limit.

Density and porosity logs provide clear evidence of the differ-
ences between the two holes. The density logs show close corre-
spondence in the interval where the caliper made contact with the
borehole wall in Hole U1467C. There is also reasonable overlay in
the interval below ~490 m WMSEF, where the caliper in Hole
U1467C was at its maximum extent, suggesting the borehole may
have been close to the 17 inch limit. It can be assumed that the wid-
est sections of Hole U1467C correspond to the intervals where the
density log values drop dramatically to as low as 1.25 g/cm?. In these
intervals, measurements are likely dominated by the density of the
borehole fluid (seawater, with a typical density of ~1.03 g/cm?)
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rather than the density of the formation. Based on the comparison
of logging data from Holes U1467C and U1467E, porosity logs are
the most highly affected by the wider diameter of the borehole. The
Hole U1467C porosity log presents values between 10% and 40%
higher than the porosity values from MAD measurements in the
same hole.

Electrical resistivity is measured by the High-Resolution Latero-
log Array (HRLA) at five different depths of investigation in the
borehole. The deepest measurement (R5) is least affected by varia-
tions in borehole diameter, and “true resistivity” (RT) is calculated
from all five depths of investigation. In general, the RT logs from
both holes overlay very well. Separation between holes is distinct in
the interval between ~610 and 650 m WMSE, where most of the
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Figure F47. Downhole logs recorded by Pass 2 of the FMS-sonic tool string, Hole U1467E. C1 and C2 = orthogonal calipers. Higher waveform coherence, in
orange-red colors in the velocity tracks, is a measure of the reliability of the slowness/time coherence algorithm used to derive V; and Vs from monopole and
upper dipole sonic waveforms, respectively. V, trends are similar to resistivity (true resistivity log from triple combo tool string).
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other logs also show anomalous values likely due to the enlarged
borehole. The RT log apparently overcorrects in this interval, pro-
viding higher resistivity values in Hole U1467C than in Hole
U1467E.

The magnetic susceptibility logs show the same features in both
holes, with nearly identical character and amplitude. In the wider
borehole, the susceptibility log shows an offset to lower values that
increase with depth. The implication of the comparison of these two
logs is that although relative changes in magnetic susceptibility are
likely accurate, the absolute values measured by the magnetic sus-
ceptibility tool are less reliable in wider boreholes.
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Logging units
The logged intervals at Site U1467 were divided into four units
based on distinct changes in character and trends in gamma ray, re-
sistivity, and sonic velocity data (Figures F45, F46, F47, F50). Log-
ging Unit 4 was divided into two subunits on the basis of small-scale
changes in gamma ray, density, resistivity, and compressional wave
velocity logs.

Logging Unit 1 (base of drill pipe to 212 m WMSF)
Logging Unit 1 is characterized by moderate- to high-amplitude
variability in total gamma ray, density, resistivity, and sonic velocity
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Figure F48. P-wave velocity from the sonic velocity log in Hole U1467E and
cores (whole rounds, split cores, and discrete samples) from Holes U1467B
and U1467C. PWC = velocity measured on split cores and discrete samples.
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logs. Gamma ray decreases slightly from ~40 American Petroleum
Institute gamma radiation units (gAPI) at the top of the unit to 31
gAPI at 139 m WMSE, where a step increase is observed, and then
decreases to the base of the unit. Similar to Site U1466 (see Down-
hole measurements in the Site U1466 chapter [Betzler et al,
2017c]), spectral data from Site U1467 indicate that uranium is the
primary contributor to variability in total gamma ray (Figure F50).
Density and resistivity logs show subtle increases with depth; V; in-
creases with depth from ~1650 m/s at the top of the unit to 2000
m/s at the base.

Logging Unit 2 (212-501 m WMSF)
The logging Unit 1/2 boundary is marked by a steep decrease in
the total gamma ray log and a change to moderate- to low-ampli-
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tude variability in the gamma ray and resistivity logs (Figure F46).
This logging unit has the lowest mean gamma ray value (24 gAPI) of
the entire logged interval. There is a distinctive high-amplitude,
longer wavelength feature in gamma ray (377-394 m WMSF);
deeper in the unit, there is evidence of longer wavelength cycles in
gamma ray data, on the order of 10-20 m in thickness, to the base of
the unit at 501 m WMSE. Both V}, and V; values increase with depth
through logging Units 1 and 2 with no clear change in the velocity
trend between units. At the base of logging Unit 2, V;, approaches
2300 m/s. An increase in coherence in the velocity data associated
with the transition into logging Unit 2 may be due to the relatively
consistent borehole diameter through this unit.

Logging Unit 3 (501-606 m WMSF)

Logging Unit 3 is characterized by a change to moderate- to
high-amplitude variability in all logging measurements. Gamma ray
values are higher than in logging Unit 2, with a mean value of 38
gAPIL Logging Unit 3 is distinguished by the highest density (mean
= 1.9 g/cm?®) and resistivity (mean = 2.09 Om) values measured in
the entire logged interval at Site U1467. Density and resistivity logs
show similar features, with high-density features corresponding to
high resistivity values. Sonic logs show a change to higher velocity
values (V} range = 2300—-3000 m/s) and higher amplitude variability
in this unit. Discrete multimeter-scale intervals of increasing and
decreasing sonic velocity correspond to the same trends in density
and resistivity. Lower coherence appears in the sonic waveforms,
particularly in the monopole (V}) and upper dipole (Vs) data.

Logging Unit 4 (606-714 m WMSF)

The logging Unit 3/4 boundary is based on a distinct change in
the character of nearly all logged measurements. Gamma ray, den-
sity, resistivity, and velocity decrease below the unit boundary, and
the amplitude of variability in the density, resistivity, and sonic logs
drops in logging Unit 4. The unit is divided into Subunits 4A and 4B,
but it is difficult to interpret whether this distinction is meaningful
because of the limited depth interval with full data coverage.

Logging Subunit 4A (606—650 m WMSF) is characterized by a
change in amplitude of variability, from higher to lower, in all logged
properties. There is a general decreasing then increasing trend in
gamma ray, density, resistivity, and sonic velocity values within the
subunit. A feature with locally elevated gamma ray, density, resistiv-
ity, and velocity values centered at 628 m WMSF marks the change
in trend from increasing to decreasing values.

Logging Subunit 4B (650-714 m WMSF) is distinguished from
Subunit 4A by two main criteria. First, there is a subtle change from
low- to moderate-amplitude variability in the gamma ray, density,
and resistivity logs across the subunit boundary. Second, there is a
return to the trend of more consistent increasing sonic velocities
with depth that characterizes logging Units 1 and 2.

Formation MicroScanner images

In Hole U1467E, FMS electrical resistivity images were acquired
between 110 and 660 m WMSF. The quality of FMS image data de-
pends on close contact between the measuring pads on the tool and
the borehole wall. The FMS borehole images recorded in Hole
U1467E are of good quality as a result of the long intervals with
borehole diameter less than 14 inches (as measured by the FMS cal-
ipers; Figure F47) and the calm sea state. Good quality FMS data
allows the borehole formation resistivity in Hole U1467E to be in-
terpreted at multiple scales.

At the scale of the borehole, the interval shallower than ~201 m
WMSEF (logging Unit 1) is characterized by alternating layers of rel-
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Figure F49. Downhole logs, Holes U1467C and U1467E. Differences in log values and character are mainly due to the difference in borehole diameter. This data
set provides important quality control information for log data in wide boreholes.
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atively high conductivity (dark color in FMS images) and moderate
resistivity (Figure F51A). The moderate resistivity (light color in
FMS images) layers generally range from 10 to 100 cm in thickness,
separated by thicker (meter-scale) intervals of high conductivity.
This unit correlates to lithostratigraphic Unit II, which consists of
interlayered unlithified and partially lithified layers.

Deeper than 212 m WMSF (within logging Unit 2), FMS images
reveal a change from alternating high conductivity and moderate
resistivity to generally high conductivity between ~295 and 330 m
WMSE (Figure F51B). This interval of background of high conduc-
tivity has a speckled texture with centimeter-scale, high-resistivity
features that may be celestine fragments and nodules observed in
cores through this interval (see Lithostratigraphy and Geochemis-
try). Based on its depth, this interval may be correlated with Drift
Sequence (DS) DS5 (see Seismic stratigraphy). Below this interval,
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the character of FMS images returns to alternating high conductiv-
ity and moderate resistivity layers, followed by a general increase in
resistivity to 501 m WMSF (Figure F51C). In dynamic FMS images,
this interval has a mottled character that likely reflects bioturbation
in the sediments where more conductive, organic-rich material fills
burrows (lithostratigraphic Unit IV; see Lithostratigraphy).
Logging Unit 3 is characterized by the appearance of high-resis-
tivity layers, tens of centimeters in thickness, alternating with mod-
erately resistive intervals. High-resistivity layers increase in
frequency through the base of the unit at 606 m WMSF, and transi-
tions between layers are sharp. High-resistivity intervals generally
correlate with higher values in the density and resistivity logs and
lower values in the gamma ray logs (for example, 540-560 m
WMSEF) (Figure F52). Core recovery through this interval is poor,
but based on sediments recovered higher in the section, high-resis-
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Figure F50. NGR logs, Hole U1467E. HSGR = standard (total) gamma ray, HCGR = computed (U-free) gamma ray.
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tivity layers are likely correlated with fine-grained, white wacke-
stone layers in lithostratigraphic Unit V (see Lithostratigraphy).

Below 606 m WMSE, FMS images reveal a change to more mod-
erate conductivities and the appearance of high-resistivity layers de-
creases dramatically (Figure F51D). Logging Unit 4 corresponds to
lithostratigraphic Unit VI, as reflected in a sharp change in images
and petrophysical properties. This unit is also bioturbated, and FMS
images show a mottled texture similar to that of logging Unit 2,
above. Boundaries between layers remain sharp, but there is less
contrast in the resistivity properties of these layers compared to
those in the overlying logging unit.

Vertical seismic profile and sonic velocity

Data provided by the VSP and sonic velocity logs in Hole
U1467E help establish the conversion between depth and two-way
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traveltime (TWT) and link the borehole data (both from cores and
downhole logs) to the seismic section.

Good stacks of sonic waveforms were recorded during the VSP
experiment. All 13 stations yielded good check shot traveltimes,
ranging from 0.8360 s TWT at 155.5 m WMSF to 1.3167 s TWT at
the deepest station at 682.9 m WMSF (Figure F44; Table T16).
Measured traveltimes were picked based on the first break of the
sonic waveform and were corrected to the sea level datum.

Sonic traveltimes were also calculated from sonic log velocities
and give two-way traveltimes very close to those from the VSP (Fig-
ure F53). Sonic velocity logs were recorded in Hole U1467E be-
tween 141 and 660 m WMSEFE, and velocities generally increase
downhole to 606 m WMSE. There are multiple distinct velocity in-
versions in the sonic logs between 500 m WMSF and the base of the
logged interval, the most prominent of which occurs at the top of
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Figure F51. FMS images, Hole U1467E.
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logging Subunit 4A (Figure F47). This also coincides with the litho-
logy change into lithostratigraphic Unit VI, a white lithified wacke-
stone to packstone unit (see Lithostratigraphy). The
compressional wave velocities from downhole logging differ signifi-
cantly from physical properties measurements on cores, both dis-
crete sample and whole-round measurements (Figure F50; see
Physical properties). Core-based velocities suggest a relatively
constant mean value with depth between ~60 and 405 m core depth
below seafloor (CSF-A) with some higher point values. In contrast,
logged velocities range from 1700 to 3000 m/s from 98 m WMSF to
total depth, generally increasing with depth to the velocity inversion
at 606 m WMSEF. There is a 500 m/s offset between the two data sets
at 405 m WMSE. The general change in character deeper than 405
m WMSEF is reflected in the cores and logs, but there is a significant
offset between the two data sets. The offset may reflect a number of
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factors, including destruction of the primary formation fabric
during drilling and the difference in vertical resolution of the mea-
surements. However, the difference in data sets may also be a result
of the challenges of measuring velocity on shipboard samples: inad-
equate contact between transducers and core material, void space
where core liners are not completely full (which may vary with cor-
ing method rather than core recovery rate), microcracks/frac-
tures/voids that are not detectable in split half cores, and sampling
bias. Discrepancies between shipboard and downhole velocity mea-
surements have been observed during other scientific ocean drilling
expeditions in a variety of drilling environments (e.g., ODP Leg 166:
Shipboard Scientific Party, 1997; IODP Expedition 341: Jaeger et al.,
2014).

The measured VSP and integrated sonic log traveltime values
can also be compared with the seismic velocity model from expedi-
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Figure F52. FMS images illustrating high-resistivity layering in logging Unit 3, Hole U1467E.
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tion site survey data (Figure F53). To calculate traveltime from the
sonic logs, a velocity of 1.615 km/s was assumed from seafloor to
the top of the logged interval, based on the mean P-wave velocity
measured on discrete core samples from Hole U1467B, and the
deepest velocity measurement by the sonic log (1.6 km/s at 660 m
WMSF) was used to extrapolate to the base of the hole. Interval ve-
locities from the VSP in Hole U1467E are faster than measured ve-
locities from downhole logs, which themselves are faster than
velocities predicted by the preexpedition seismic velocity model.
The time-depth curve for Site U1467 based on the VSP is shifted to
lower traveltimes compared to the preexpedition model. At the
deepest VSP station depth (682.9 m WSF), there is a difference of
~2% between traveltimes from the VSP and those predicted by the
extrapolated sonic log and a difference of ~13% between the VSP
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and the preexpedition model. For more discussion, see Seismic

stratigraphy.
Downhole temperature

Downhole temperature measurements were planned for Hole
U1467A, but problems with the APC system led to the hole being
abandoned after only four cores (see Operations). Four tempera-
ture measurements were made using the APCT-3 between 22.5 and
79.5 mbsf in Hole U1467B (Table T17).

All measurements were made in good sea state (<1 m swell). The
APCT-3 was stopped at the mudline for at least 5 min prior to each
penetration. The average mudline temperature was difficult to de-
termine in several of the deployments but appeared to range be-
tween 13.8° and 15°C (Table T17). Unlike previous Expedition 359
deployments, no evidence of frictional heating occurred during the
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Table T16.VSP experiment direct arrival times, Site U1467. Measured travel-
times are times between arrival of the pulse at a hydrophone located 2 m
below the air guns and the receiver in the borehole. Corrected traveltimes
are vertical traveltimes between sea level and the borehole receiver. Down-
load table in .csv format.

Receiver Receiver Measured Corrected Corrected
depth depth one-way one-way two-way
WRF (m) WSF (m)  traveltime (s) traveltime (s) traveltime (s)
655.0 155.5 0.4152 0.4180 0.8360
694.9 195.4 0.4354 0.4382 0.8763
744.9 2454 0.4613 0.4641 0.9282
794.9 295.4 0.4863 0.4892 0.9783
8449 3454 0.5110 0.5139 1.0278
895.0 395.5 0.5353 0.5383 1.0766
944.9 4454 0.5590 0.5620 1.1240
994.9 495.4 0.5812 0.5842 1.1683
1044.9 545.4 0.6024 0.6054 1.2108
1099.9 600.4 0.6244 0.6274 1.2549
1143.0 643.5 0.6414 0.6444 1.2889
1164.8 665.3 0.6486 0.6516 1.3033
1182.4 682.9 0.6553 0.6583 13167

Figure F53. Time-depth curves and P-wave velocity, Site U1467. Left: VSP
check shot stations and integrated sonic velocity log are from Hole U1467E;
seismic horizon depths are based on the expedition seismic velocity model.
Integrated sonic log curve from Hole U1467E assumes P-wave velocity of
1615 m/s from 0 to 100 mbsf, based on average velocity measurements on
discrete core samples over that depth interval, and the deepest velocity
measured by the sonic log at 660 mbsf is used to extend the integration to
the bottom of the borehole at 714 mbsf. Right: Interval velocities derived
from traveltimes between the 13 VSP stations, displayed overlying sonic log
velocities from Hole U1467E.
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four attempted penetrations of the APCT-3 in Hole U1467B. The
temperature series data show what appears to be postpenetration
decay after the time of assumed penetration, and all deployments
show evidence of frictional heating when the probe is assumed to be
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Table T17. APCT-3 temperature measurements, Site U1467. * = mudline tem-
perature difficult to determine from temperature-time series. Temperature
data considered poor quality because of lack of frictional heating at the
assumed time of probe penetration. Download table in .csv format.

Mudline  Start Fit Equilibrium  Mean
Depth temperature time window temperature  misfit
Core  (mbsf) (°C) (s) (s) (°Q) (°C) Remarks
359-U1467A-
3H 22.5 — — — — — Not fired
359-U14678B-
3H 225 13.8 8397 78-583 10.41 0.00048 Poor
5H 41.5 15.0% 3766 60-600 10.44 0.00071 Poor
7H 60.5 14.4*% 0 8220-8735 10.45 0.08000 Poor
9H 79.5 14.2% 11941 140-562 1041 0.00250 Poor

pulled from the formation. Standpipe pressure data, when synchro-
nized with the temperature time series, indicate that the APC sys-
tem was firing consistently at expected pressures during these
APCT-3 deployments. However, as a result of the uncertainty in
these temperature data, none of the equilibrium temperatures are
considered fully reliable.

Mudline temperatures are higher than temperatures measured
in sediment at Site U1467, and a linear temperature gradient with
depth cannot be assumed. Geothermal gradient and heat flow could
not be determined from the four unreliable measurements at this
site.

Stratigraphic correlation and
sedimentation rates

Determining the relative position of core gaps among the vari-
ous holes at Site U1467 during drilling was accomplished using
gamma ray attenuation (GRA) data collected at 5 cm resolution on
the Whole-Round Multisensor Logger (WRMSL). Although at
lower resolution and delayed relative to drilling, NGR provided an-
other evaluator for sedimentary completeness among the four holes
cored at Site U1467. Total depths of Holes U1467B (617.2 mbsf) and
U1467C (714 mbsf) allowed NGR measurements to be completed
for the upper ~200 mbsf in both holes and evaluated prior to drill-
ing of Hole U1467D. Particular attention was placed on the interval
in Core 359-U1467B-11H, which was recovered with shattered core
liner and disturbed sediment. Hole U1467C spanned much of this
interval, but unknown gaps remained between Cores 10H and 11H
and Cores 11H and 12H. Hole U1467D was started at 1.5 mbsf (by
drilling down) to fill in core gaps in Hole U1467C.

Correlations were accomplished using IODP Correlator soft-
ware (version 2.0.1). High-resolution compositing (decimeter scale;
see Stratigraphic correlation and sedimentation rates in the Ex-
pedition 359 methods chapter [Betzler et al., 2017a]) was based on
reflectance L* from the Section Half Imaging Logger (SHIL) at 2.5
cm resolution for the first four cores in Holes U1467A-U1467D
(~35 mbsf) and down to the tenth core in Holes U1467B-U1467D
(~90 mbsf).

NGR was used for compositing Cores 359-U1467B-13H
through 18H, 359-U1467C-11H through 18H, and 359-U1467D-
11H through 18H (~90-160 mbsf) because GRA and L* variations
were unclear among the holes in this interval. However, distinct
“highs” in GRA appeared in the lowermost cores (Cores 359-
U1467B-19H, 359-U1467C-19H, and 359-U1467D-18H) and pro-
vided correlation points for the bottom portion of the splice. For de-
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tailed description of the GRA, NGR, and L* data sets, see Physical
properties in the Expedition 359 methods chapter (Betzler et al.,
2017a).

The composite depth scale and splice at Site U1467 are con-
structed from 0.0 to 220.25 m core composite depth below seafloor
(CCSF-D) (“mudline” in Hole U1467C to the bottom of Core 359-
U1467B-22H) (Figure F54). Below the splice, Hole U1467B and
U1467C cores (with unknown gaps in each) are appended with a
constant affine value (Tables T18, T19). Uncertainty in moving be-
tween cores within the splice (CCSF-D) based on *L and GRA tie
points is estimated to be 10 cm but may be as high as 30 cm for
some ties. Uncertainty in tie points in the splice based on NGR may
be on the order of 30 to 50 cm.

The growth rate is 7% for the composited sections in Holes
U1467B-U1467D (0-204.81 mbsf) (Table T19). Composited
growth rates on many paleoceanography expeditions are on the or-
der of 15%. The lower growth rate at Site U1467 reflects low clay
content in the cores, good weather with calm sea state, and low tidal
range (~0.5 m), producing a composited section close to the drilled
depth.

Age model and sedimentation rates

An age model was established for Site U1467 on the basis of all
available biostratigraphic and paleomagnetic age control points. For
details, see Biostratigraphy, Paleomagnetism, and Lithostratigra-
phy. The uppermost ~130 mbsf has an average sedimentation rate
of 3.4 cm/ky (Figure F55). The spliced L* record from 0 to 32 m
CCSE-D was compared with the stacked benthic 8'¥0O record
(Lisiecki and Raymo, 2005), showing a good correlation to the 0 to
800 ky interval. Based on this comparison, sedimentation rate aver-
aged 4 cm/ky on the CCSF-D scale and scales to 3.74 cm/ky on the
mbsf scale (1.07 growth factor), which is in good agreement with
the biostratigraphic estimate. Assuming that L* is a proxy for ma-
rine isotope stages, interglacial sedimentation rates approached 10
cm/ky versus glacial rates of 2 to 4 cm/ky (Table T20). If confirmed
by shore-based stable isotope analyses, this result is consistent with
other carbonate platforms (e.g., Betzler et al., 2013; Eberli, Swart,
Malone, et al.,, 1997; Isern, Anselmetti, Blum, et al., 2002): increased
production of aragonite on bank tops during Late Pleistocene sea
level highstands dictates sedimentation rate variability and controls
relative proportion of aragonite to other sedimentary components
(reflected by L*).

The upper 140 m CCSE-D of the spliced NGR record was com-
pared to the Laskar et al. (2004) orbital solution over the last 3.5 My,
showing common traits with eccentricity (Figure F56). NGR was
tied to the 405 ky eccentricity cycle assuming the minima correlate,
producing independent age estimates for upper Pliocene to Pleisto-
cene sections at Site U1467. The resulting average sedimentation
rate is 4.2 cm/ky (relative to CCSF-D), which scales to 3.9 cm/ky
(relative to mbsf), again similar to the biostratigraphic age model.
Sedimentation rates among the long eccentricity packets range be-
tween 3.2 and 5.0 cm/ky.
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Figure F54. Spliced L*, NGR, and GRA records, Site U1467. A 21 point Gauss-
ian filter (solid line) was used to smooth the data.
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Table T18. Splice tie points, Site U1467. Download table in .csv format.

Table T19. Splice intervals, Site U1467. Download table in .csv format.

Figure F55. Spliced L* record, Site U1467. Stacked benthic foraminifer (5'0)
from Lisiecki and Raymo (2005). Sedimentation rates were calculated by cor-
relating the L* data to 680 stack minima.
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Table T20. Tie points used to correlate reflectance L* to benthic foraminifer
6'80 stack (Lisicki and Raymo [L&R], 2005) (Figure F55) and NGR to eccentric-
ity (Figure F56). Download table in .csv format.

L* depth 580 Sedimentation
CCSF-D (m) age (ka) rate (cm/ky)
L* correlation to L&R:
0 0
0.7 13 5.385
2.29 73 2.650
553 130 5.684
8.08 191 4.180
10.62 245 4.704
12.53 308 3.032
15.07 337 8.759
15.97 396 1.525
18.32 418 10.682
19.4 482 1.687
21.44 534 3.923
23.03 570 4417
24.63 620 3.200
258 682 1.887
26.78 710 3.500
29.67 770 4.817
31.49 790 9.100
NGR correlation to eccentricity:
0 0
19.9 410 4.854
35 750 4441
55.2 1305 3.640
67.3 1686 3.176
86.85 2073 5.052
102.63 2388 5.010
116.6 2820 3.234
133 3230
Average depth CCSF-D (m): 4.201
Average depth (mbsf): 3.926

Figure F56. Spliced NGR record, Site U1467. Eccentricity from Laskar et al.
(2004). Sedimentation rates were calculated by correlating NGR minima to
eccentricity minima.
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Seismic stratigraphy

Site U1467 is located in the Inner Sea northwest of North Male
atoll in a water depth of 487 m, approximately 9 km south of ODP
Site 716. The site is located in a distal position in relation to the plat-
form margins and moats. The nearly horizontally layered seismic
reflections of the drift sequences at Site U1467 show no truncations
and no indications of mass wasting from the adjacent platform mar-
gin (Figure F57). Thus, it provided a complete undisturbed succes-
sion of all drift sequences (DS1-DS9) mapped by Liidmann et al.
(2013) and the youngest platform sequences (PS; PS9—-PS11) (Bet-
zler et al., 2013). It is the main paleoceanographic site of the expedi-
tion and comprises a continuous record from the middle Miocene
to the present. In addition, the accurate time-depth conversion
placed the age-depth model provided by biostratigraphy into the
seismic sections and thus determined the ages of the sequence
boundaries within the drift succession.

Time-depth conversion

To make the most accurate P-wave velocity model for time-
depth conversion, a dedicated logging hole, U1467E, was drilled.
Downhole logging was successfully completed including the check
shot survey with 12 stations (see Downhole measurements). The
waveforms of the recorded shots were of high quality with a high
signal-to-noise ratio, and consequently, first arrival times were easy
to pick. Figure F58 shows the resulting interval velocities and the
downhole DSI sonic velocities. The sonic velocities are slightly
lower and mimic the trend of the VSP data (Figure F51). The previ-
ous velocity model deviates from the measured velocities, which
were higher than expected. The velocity in the oldest drift se-
quences (DS1-DS3) reaches 2600—-3000 m/s with a concurrent in-
crease in density, resistivity, and gamma ray (bulk density [RHOM],
computed true resistivity [RT_HRLT], and total spectral gamma ray
[HSRG]; Figure F58). Figure F59 shows the time-depth conversion
for Site U1467, and Table T21 provides the numerical tabulation of
the time-depth conversion.

Seismic facies and geometries

At Site U1466, the seismic facies of the drift sequences are gen-
erally characterized by alternation of low to medium amplitudes
that are replaced in the lower part of Site U1467 (1240 ms TWT) by
bundles of strong reflections separated by zones of weak echoes
comprising DS1-DS3 (Figure F57). The base of the drift succession
lies at 1337 ms TWT and is underlain by the distal bottomsets of
PS9-PS11. Here in the basin, all sequence boundaries appear as
continuous parallel high-amplitude reflections and are the correla-
tive conformities to the unconformities along the basin margin that
define the sequence boundaries.

The thickness of the drift sequences varies from 24.5 m (DS7) to
104 m (DS6) with a maximum of 172.5 m (DS4). The basinal drift
succession carries the record of the bottom-current system and its
major reorganization in the Inner Sea Basin (Liidmann et al., 2013).
Initially, the Inner Sea was a semi-enclosed basin connected with
the open ocean via the proto-Kardiva Channel, allowing a restricted
water mass exchange probably going back to the deposition of PS7.
During this time, the Inner Sea had an empty bucket geometry that
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Figure F57. Seismic section of drift sequences, Site U1467. DS1 in dark blue marks the base of the current-controlled sedimentation in the Inner Sea.
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Figure F59. Time-depth conversion, Site U1467.
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was rapidly filled while the entire platform slowly subsided, result-
ing in a relatively constant water depth of approximately 500 m at
Site U1467. Starting with DS1-DS3, the depocenter was situated at
the western basin margin dominated by a southward bottom water
inflow from the northeast Kardiva Channel and inflow from the
newly opened northwest Kardiva Channel (Lidmann et al.,, 2013).
Accordingly, the sedimentation rate at the basinal site was low and
sequence thicknesses were small. DS4-DS7 mark the gradual shift
of the locus of deposition from the western to the eastern platform
margin. This shift is accompanied by the onset of a northward bot-
tom-current flow within the Inner Sea along its eastern margin
(Ludmann et al., 2013). This event began with the deposition of
DS5. The uppermost sequences (DS8-DS9) exhibit more uniform
thicknesses throughout the Inner Sea, with a local depocenter near
the exits of passages between the atolls where current speed slows
down.

Core-seismic correlation

With the exception of DS3, which coincides with the base of
Unit V, drift sequence boundaries in the basin do not correlate well
with lithostratigraphic units (Figure F58). The correlation of DS3
with the base of Unit V might be explained by the fact that drift
boundaries predominantly represent reorganization of the current
regime and to a lesser extent significant changes in lithology, with
materials reaching basinal Site U1467 tending to be uniform for
long periods of time. Fluctuations in current intensity may have oc-
curred during the deposition of each drift sequence, reflected by
changes in grain size and density. Similar features are displayed in
DS4 (see RHOM log, Figure F58). Variations in gamma ray are pri-
marily related to the uranium content that reaches its maximum
concentration in DS3. DS2 is characterized by a significant decrease
in all physical properties, including NGR, resistivity, density, and
sonic velocity (see Downhole measurements).

Time-depth conversion places the base of lithostratigraphic
Unit I, unlithified foraminifer-rich wackestone to mudstone, in the
middle of DS8 at 109.74 mbsf (Section 359-U1467B-14H-1) (Figure
F58). Lithostratigraphic Unit II, an interval of interlayered, unlithi-
fied, and partially lithified wackestone, terminates in the upper part
of DS6 at 215.5 mbsf. The underlying lithostratigraphic Unit III,
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Table T21. Drift sequence boundaries, Site U1467. Download table in .csv
format.

Sequence TWT  Depth
(bottom) (ms)  (mbsf)
DS10 63 525
DS9 93 78
DS8 188 157.5
DS7 214 181.5
DS6 326 295.5
DS5 369 337
DS4 551 535
DS3 607.5 603
DS2 648 656.5
DS1 687.5 711

partially lithified wackestone to packstone, terminates at 309.4 mbsf
(Section 359-U1467B-34H-CC) very close to the boundary of DS6,
placed at 295.5 mbsf. Although the lithostratigraphic Unit IV/V
boundary is marked by significant changes in gamma ray, density,
and velocity, it is not a seismic sequence boundary (Figure F58).
The DS3 boundary at 603 mbsf coincides with the top of lithostrati-
graphic Unit VI at 602 mbsf. This boundary reflects a significant
change from predominantly gray to light greenish sediment to white
lithified fine-grained planktonic foraminifer—rich wackestone that
is representative of the earliest drift sequences (DS1 and DS2).
These deposits represent the basinal equivalent of the thick white
prograding drift that onlaps the western platform margin (Figure
F57). Marginal Sites U1466 and U1468 are in a high-speed current
regime, and consequently the finer fraction is winnowed out during
the deposition of DS1 and DS2 and transported basinward. Litho-
stratigraphic Units V and VI are composed of alternations of soft
and competent layers, which results in high impedance contrasts
that in turn result in high-amplitude reflections in DS1-DS3. The
base of the drift does not contain age-diagnostic microfossils, but
the absence of the LO of E fohsi indicates an age younger than 13.41
Ma (see Biostratigraphy).
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