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Background and objectives
International Ocean Discovery Program (IODP) Site U1461 is

00 km northwest of Barrow Island in the Northern Carnarvon Ba-
in, ~150 m from the West Tryal Rocks-2 industry well (Figure F1).
ite U1461 is on the shelf edge of an outer ramp (James et al., 2004).
he seabed in the region is poorly sorted carbonate-rich (>90%)

ediment made up of bioclastic gravel, sand, and mud (Jones, 1973;
ames et al., 2004). Coring at Site U1461 targeted a 1 km thick outer
helf to upper slope carbonate wedge that onlaps (because of basin-
ide subsidence) a regional top Miocene surface (Figures F2, F3).

The primary objective of Site U1461 was to obtain a >4 My or-
ital-scale record of climate variability and monsoonal history com-
arable in resolution to other global climate proxy records. Most
uch records are from the deep ocean basins. However, one benefit
f coring this shelf-margin setting is that terrigenous clay and ter-
estrial palynomorphs should be abundant, delivered by fluvial out-
low during the rainy season (van der Kaars and De Deckker, 2003).
his location is also close to the southernmost limit of the influence
f the Australian monsoon and can be used to chart its latitudinal
ariability. Marine microfossil paleoproductivity analyses at this site
hould also reveal the dominance of the West Australian Current
ver the Leeuwin Current during glacial periods (cf. Spooner et al.,
011), when the Australian monsoon is thought to have been weak
Gallagher et al., 2014). Some intervals in this section consist of
lankton ooze deposited at upper to middle slope paleodepths (Gal-

agher et al., 2009). Therefore, combining C/O and Mg/Ca analyses
f microfossils from Site U1461 should produce a Pliocene–Pleisto-
ene obliquity- (or even precession-) scale record that can be di-
ectly compared and correlated to the LR2004 stack (Lisiecki and
aymo, 2005) for chronostratigraphic and paleoceanographic anal-
ses. Site U1461 is downdip from a drowned reef on a paleoshelf

edge (Gallagher et al., 2014). By dating the reflectors and correlating
these updip, it should be possible to constrain the age of onset of
this reef and other reefs at this level regionally. Furthermore, down-
slope-transported reefal or shelf detritus into this section will en-
able analysis of reef and ramp development in response to variable
sea level.

Operations
Transit to Site U1461

After a 469 nmi transit averaging 11.1 kt, the vessel arrived at
Site U1461 at 1407 h (UTC + 8 h) on 17 August 2015. Shortly after
arrival, a seafloor positioning beacon was deployed.

Site U1461
Site U1461 consisted of four holes (Tables T1, T2) with the ob-

jectives to recover a complete stratigraphy of the upper sedimentary
section and material deeper than 1000 m drilling depth below sea-
floor (DSF). The first hole (U1461A) was cored to half-length ad-
vanced piston corer (HLAPC) refusal (284.7 m DSF). A single hard
layer was encountered at ~54 m DSF, so an extended core barrel
(XCB) was dropped and 2.5 m was cored with that system. Based on
the results from Hole U1461A, a coring plan for Hole U1461B uti-
lizing both piston and XCB coring was prepared to minimize recov-
ery gaps. Hole U1461B was successfully piston cored to 375.2 m
DSF. All advanced piston corer (APC) cores were oriented. The
XCB coring system was then deployed, and coring continued to a
final depth of 879.2 m DSF with good recovery. Coring was termi-
nated after the XCB cutting time per core exceeded ~90 min. The
third hole (U1461C) was used to fill in remaining recovery gaps in
the upper sedimentary section to aid stratigraphic correlation and
to try to deepen piston coring to recover gaps in recovery from the
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S.J. Gallagher et al. Site U1461
XCB system used in Hole U1461B. The hole was successfully piston 
cored to 443.9 m DSF with one 3 m interval drilled without coring 
to aid correlation. Four in situ temperature measurements were 
taken and all APC cores (356-U1461C-2H through 23H) were ori-
ented. Hole U1461D was cored with the rotary core barrel (RCB) 
system to achieve the deep objective of the site. Hole U1461D was 
first drilled without coring to 455.0 m DSF with a center bit in-
stalled. The center bit was pulled and spot coring with the RCB sys-
tem was accomplished from 455.0 to 474.4 m DSF. The center bit 
was again deployed and the hole was deepened by drilling without 
coring to 503.0 m DSF. At that depth, a single 9.7 m core was cut and 
then drilling continued to 565.0 m DSF. At that depth, continuous 
RCB coring began and continued to a final depth of 1095.3 m DSF. 
After the completion of coring, the hole was conditioned for logging 
and the upper ~500 m was displaced with heavy mud. Two separate 
logging tool strings were deployed. The triple combination (combo) 
tool string reached ~1030 m wireline log depth below seafloor 
(WSF). While logging up from depth, indications of a hole collapse 
were suspected through excess tension on the wireline. The Forma-
tion MicroScanner (FMS)-sonic tool string was assembled and de-
ployed but only reached a total depth of ~190 m WSF before 
encountering a bridge. After several attempts to pass the bridge, an 
up pass to the end of the pipe was accomplished before logging was 
terminated and preparations were made to proceed to the next site.

A total of 301 cores were recorded for the site. The APC system 
cored 636.9 m with 654.18 m of core recovered (recovery = 102.7%). 
The HLAPC system cored 455.0 m with 464.99 m recovered (recov-
ery = 102.2%). The XCB system cored 512.9 m with 360.19 m of core 
recovered (recovery = 70.2%). The RCB system cored 559.4 m with 
325.51 m of core recovered (recovery = 58.2%). The overall recovery 
for Site U1461 was 83.4%. The total time spent on Site U1461 was 
294.75 h (12.3 days).

Hole U1461A
After offsetting the vessel from the seafloor positioning beacon, 

drill floor activities commenced in preparation for Hole U1461A 
(20°12.8634′S, 115°3.9495′E). Given previous difficulty with the 
mudline core at Site U1459 (broken core barrel), we decided to tag 
the seafloor with the bit. A nonmagnetic HLAPC core barrel was 
dressed with a core liner in preparation for spudding Hole U1461A. 
The first attempt to establish the mudline resulted in a water core 
and the depth of the bit was subsequently adjusted; Hole U1461A 
was started at 1825 h on 17 August 2015. Based on the recovery of 
the mudline core, the seafloor depth was calculated to be 127.2 me-
ters below sea level (mbsl). Cores 356-U1461A-1F through 3F were 
recovered with the HLAPC system before we changed to the APC 
system. Cores 4H through 8H were recovered; a hard layer was en-
countered at ~54 m DSF, and we changed back to the HLAPC sys-
tem. Core 9F was a partial stroke and only recovered 0.37 m. An 
XCB core barrel was then dropped and a short (2.5 m) core was at-
tempted through the hard layer. There was no recovered material in 
subsequent Core 10X. The HLAPC system was deployed again and 
coring continued through Core 12F to 66.6 m DSF. We then 
switched to the APC system and recovered Cores 13H through 29H 
to 228.1 m DSF. At that depth, the overpull to release the core barrel 
reached 100,000 lb, and we were unable to pull the core barrel. The 
core barrel was drilled over, releasing it from the formation. The 
HLAPC system was deployed, and Cores 30F through 42F were re-
covered to 284.7 m DSF, where piston coring refusal was reached. 

Figure F1. Map of the northwest shelf showing major basins and location of 
modern and “fossil” reefs. Stars = Expedition 356 sites, green circles = Deep 
Sea Drilling Project/Ocean Drilling Program sites and other core locations 
referred to in text, yellow circles = industry well locations (Angel = Angel-1; 
G2/6/7 = Goodwyn-2, Goodwyn-6, Goodwyn-7; A1 = Austin-1; M/MN1 = 
Maitland/Maitland North-1; TR1 = West Tryal Rocks-1). WA = Western Austra-
lia, NT = Northern Territory, SA = South Australia, QLD = Queensland, NSW = 
New South Wales.
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At the conclusion of coring, the drill string was pulled back to 230.6 
m DSF and the top drive was set back. The drill string was pulled to 
just above the seafloor at 1430 h on 18 August, ending Hole 
U1461A. A total of 77.4 m was cored with the HLAPC system with 
77.12 m recovered, the APC system recovered 210.43 m from 204.8 
m cored, and the one XCB core recovered nothing. Overall, recov-
ery for Hole U1461A was 101.0%. The total time spent on Hole 
U1461A was 24.5 h.

Hole U1461B
The vessel was offset 20 m north of Hole U1461A, and prepara-

tions for coring began. A nonmagnetic APC core barrel was dressed 
with a core liner in preparation for spudding Hole U1461B 
(20°12.8522′S, 115°3.9396′E). The stratigraphic correlators re-
quested a 4.5 m mudline core. Hole U1461B was started at 1600 h 
on 18 August 2015. Based on the mudline core (4.4 m), the seafloor 
depth was calculated to be 128.0 mbsl. The Icefield MI-5 orientation 
tool was installed, and APC cores were oriented from Core 356-
U1461B-2H. Coring continued through Core 7H to 55.1 m DSF. A 
single advanced piston corer temperature tool (APCT-3) in situ 
temperature measurement was made on Core 4H. At ~55 m DSF, 
the core barrel encountered the same hard layer that was seen in 
Hole U1461A. The HLAPC system was used to recover Core 8F. We 
switched back to the APC system and recovered Cores 9H through 
25H, when the orientation tool was removed. Additional in situ 

temperature measurements were taken on Cores 9H, 13H, and 16H. 
We then switched to the HLAPC system and recovered Cores 26F 
through 39F to 284.2 m DSF. An XCB core barrel was dropped, and 
Core 40X was cut to 290.6 m DSF. The HLAPC system was again 
deployed, and coring continued through Core 58F to 375.2 m DSF, 
where HLAPC refusal was called. The XCB system was then used to 
recover Cores 59X through 129X to 879.2 m DSF, which was 
reached at 1350 h on 23 August. Hole U1461B ended at 1640 h on 
23 August. A total of 152.2 m was cored with the HLAPC system 
with 157.50 m recovered, 216.6 m was cored with the APC system 
with 225.55 m recovered, and 510.4 m was cored with the XCB sys-
tem with 360.19 m recovered (recovery = 84.5%). The total time 
spent on Hole U1461B was 122.25 h (5.1 days).

Hole U1461C
After offsetting the vessel 20 m north of Hole U1461B, the top 

drive was picked up and spaced out. Hole U1461C (20°12.8427′S, 
115°3.9369′E) was started at 1915 h on 23 August 2015. Based on 
the recovery of the mudline core (8.4 m), the length of which was 
requested by the stratigraphic correlators, the seafloor depth was 
calculated to be 127.5 mbsl. The orientation tool was installed and 
cores were oriented from Core 356-U1461C-2H. Coring continued 
with nonmagnetic core barrels through Core 23H to 215.5 m DSF 
with the APC system, after which the Icefield MI-5 orientation tool 
was removed because APC refusal was reached. Three in situ tem-

Figure F3. Multichannel seismic profile across Site U1461. Top of green shading = inferred top of the Miocene. Fm = formation.
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Table T1. Operations summary, Site U1461. mbsl = meters below sea level. Download table in .csv format.

Hole Latitude Longitude

Water
depth
(mbsl)

Penetration
DSF (m)

Cored
interval

(m)

Recovered
length

(m)
Recovery

(%)

Drilled
interval

(m)

Drilled
interval

(N)

Total
cores

(N)

APC
cores

(N)

HLAPC
cores

(N)

XCB
cores

(N)

RCB
cores

(N)

Time on
hole

(days)

U1461A 20°12.8634′S 115°03.9495′E 127.18 284.70 284.70 287.59 101 0 42 22 19 1 0 1.02
U1461B 20°12.8522′S 115°03.9396′E 127.97 879.20 879.20 743.24 85 0 129 24 33 72 0 5.09
U1461C 20°12.8427′S 115°03.9369′E 127.52 443.90 440.90 448.53 102 3.00 1 72 23 49 0 0 1.52
U1461D 20°12.8325′S 115°03.9389′E 127.48 1095.30 559.40 325.51 58 535.90 3 58 0 0 0 58 4.65

Totals: 2703.10 2164.20 1804.87 538.90 4 301 69 101 73 58
IODP Proceedings 3 Volume 356
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Table T2. Site U1461 core summary. DSF = drilling depth below seafloor, CSF = core depth below seafloor. F = half-length advanced piston corer, H = advanced 
piston corer, R = rotary core barrel, X = extended core barrel, numeric core type = drilled interval. (Continued on next four pages.) Download table in .csv for-
mat.

Core

Top
depth
drilled

DSF (m)

Bottom
depth
drilled

DSF (m)
Advanced

(m)

Recovered
length

(m)

Curated
length

(m)

Top
depth
cored

CSF (m)

Bottom
depth

recovered
CSF (m)

Recovery
(%)

Date
(2015)

Time on
deck

UTC (h)

356-U1461A-
1F 0.00 1.60 1.6 1.65 1.65 0.00 1.65 103 17 Aug 1035
2F 1.60 6.30 4.7 4.63 4.63 1.60 6.23 99 17 Aug 1055
3F 6.30 11.00 4.7 4.30 4.30 6.30 10.60 91 17 Aug 1115
4H 11.00 20.50 9.5 9.31 9.31 11.00 20.31 98 17 Aug 1155
5H 20.50 30.00 9.5 9.60 9.60 20.50 30.10 101 17 Aug 1215
6H 30.00 39.50 9.5 9.36 9.36 30.00 39.36 99 17 Aug 1245
7H 39.50 49.00 9.5 8.68 8.68 39.50 48.18 91 17 Aug 1300
8H 49.00 54.30 5.3 5.33 5.33 49.00 54.33 101 17 Aug 1320
9F 54.30 54.70 0.4 0.37 0.37 54.30 54.67 93 17 Aug 1355
10X 54.70 57.20 2.5 0.00 0.00 54.70 54.70 0 17 Aug 1445
11F 57.20 61.90 4.7 4.34 4.34 57.20 61.54 92 17 Aug 1520
12F 61.90 66.60 4.7 4.52 4.52 61.90 66.42 96 17 Aug 1540
13H 66.60 76.10 9.5 9.85 9.85 66.60 76.45 104 17 Aug 1600
14H 76.10 85.60 9.5 9.83 9.83 76.10 85.93 103 17 Aug 1625
15H 85.60 95.10 9.5 9.97 9.97 85.60 95.57 105 17 Aug 1650
16H 95.10 104.60 9.5 9.18 9.18 95.10 104.28 97 17 Aug 1730
17H 104.60 114.10 9.5 10.35 10.35 104.60 114.95 109 17 Aug 1755
18H 114.10 123.60 9.5 10.19 10.19 114.10 124.29 107 17 Aug 1815
19H 123.60 133.10 9.5 10.61 10.61 123.60 134.21 112 17 Aug 1840
20H 133.10 142.60 9.5 10.80 10.80 133.10 143.90 114 17 Aug 1900
21H 142.60 152.10 9.5 8.28 8.28 142.60 150.88 87 17 Aug 1925
22H 152.10 161.60 9.5 10.30 10.30 152.10 162.40 108 17 Aug 1945
23H 161.60 171.10 9.5 7.71 7.68 161.60 169.28 81 17 Aug 2005
24H 171.10 180.60 9.5 10.70 10.68 171.10 181.78 113 17 Aug 2030
25H 180.60 190.10 9.5 10.61 10.59 180.60 191.19 112 17 Aug 2050
26H 190.10 199.60 9.5 10.36 10.36 190.10 200.46 109 17 Aug 2110
27H 199.60 209.10 9.5 9.93 9.93 199.60 209.53 105 17 Aug 2130
28H 209.10 218.60 9.5 9.92 9.92 209.10 219.02 104 17 Aug 2150
29H 218.60 228.10 9.5 9.60 9.60 218.60 228.20 101 17 Aug 2305
30F 228.10 232.80 4.7 4.93 4.93 228.10 233.03 105 17 Aug 2335
31F 232.80 237.50 4.7 4.85 4.85 232.80 237.65 103 17 Aug 2350
32F 237.50 242.20 4.7 4.82 4.82 237.50 242.32 103 18 Aug 0015
33F 242.20 246.90 4.7 4.94 4.94 242.20 247.14 105 18 Aug 0035
34F 246.90 251.60 4.7 4.55 4.55 246.90 251.45 97 18 Aug 0050
35F 251.60 256.30 4.7 4.46 4.46 251.60 256.06 95 18 Aug 0110
36F 256.30 261.00 4.7 4.64 4.64 256.30 260.94 99 18 Aug 0130
37F 261.00 265.70 4.7 5.00 5.00 261.00 266.00 106 18 Aug 0155
38F 265.70 270.40 4.7 4.60 4.60 265.70 270.30 98 18 Aug 0215
39F 270.40 275.10 4.7 4.82 4.82 270.40 275.22 103 18 Aug 0235
40F 275.10 279.80 4.7 4.50 4.50 275.10 279.60 96 18 Aug 0255
41F 279.80 284.50 4.7 4.99 4.99 279.80 284.79 106 18 Aug 0330
42F 284.50 284.70 0.2 0.21 0.21 284.50 284.71 105 18 Aug 0400

356-U1461B-
1H 0.00 4.40 4.4 4.40 4.40 0.00 4.40 100 18 Aug 0815
2H 4.40 13.90 9.5 9.29 9.29 4.40 13.69 98 18 Aug 0900
3H 13.90 23.40 9.5 9.59 9.59 13.90 23.49 101 18 Aug 0925
4H 23.40 32.90 9.5 9.73 9.77 23.40 33.17 102 18 Aug 1000
5H 32.90 42.40 9.5 7.04 7.04 32.90 39.94 74 18 Aug 1030
6H 42.40 51.90 9.5 9.46 9.46 42.40 51.86 100 18 Aug 1100
7H 51.90 55.10 3.2 3.24 3.24 51.90 55.14 101 18 Aug 1120
8F 55.10 59.80 4.7 4.62 4.62 55.10 59.72 98 18 Aug 1200
9H 59.80 69.30 9.5 9.63 9.63 59.80 69.43 101 18 Aug 1300
10H 69.30 78.80 9.5 9.30 9.30 69.30 78.60 98 18 Aug 1325
11H 78.80 88.30 9.5 10.23 10.46 78.80 89.26 108 18 Aug 1355
12H 88.30 97.80 9.5 10.46 10.44 88.30 98.74 110 18 Aug 1420
13H 97.80 107.30 9.5 10.53 10.49 97.80 108.29 111 18 Aug 1455
14H 107.30 116.80 9.5 10.12 10.06 107.30 117.36 107 18 Aug 1520
15H 116.80 126.30 9.5 10.27 10.21 116.80 127.01 108 18 Aug 1550
16H 126.30 135.80 9.5 10.32 10.30 126.30 136.60 109 18 Aug 1635
17H 135.80 145.30 9.5 10.68 10.68 135.80 146.48 112 18 Aug 1700
18H 145.30 154.80 9.5 10.55 10.51 145.30 155.81 111 18 Aug 1725
19H 154.80 164.30 9.5 10.54 10.54 154.80 165.34 111 18 Aug 1750
20H 164.30 173.80 9.5 10.35 10.35 164.30 174.65 109 18 Aug 1810
21H 173.80 183.30 9.5 10.37 10.37 173.80 184.17 109 18 Aug 1835
22H 183.30 192.80 9.5 10.27 10.27 183.30 193.57 108 18 Aug 1905
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23H 192.80 202.30 9.5 9.70 9.70 192.80 202.50 102 18 Aug 1930
24H 202.30 211.80 9.5 9.73 9.73 202.30 212.03 102 18 Aug 2000
25H 211.80 221.30 9.5 9.75 9.75 211.80 221.55 103 18 Aug 2025
26F 221.30 226.00 4.7 4.87 4.87 221.30 226.17 104 18 Aug 2120
27F 226.00 230.70 4.7 4.84 4.84 226.00 230.84 103 18 Aug 2140
28F 230.70 235.40 4.7 4.78 4.78 230.70 235.48 102 18 Aug 2200
29F 235.40 240.10 4.7 4.64 4.64 235.40 240.04 99 18 Aug 2225
30F 240.10 244.80 4.7 4.82 4.82 240.10 244.92 103 18 Aug 2245
31F 244.80 249.50 4.7 4.65 4.65 244.80 249.45 99 18 Aug 2320
32F 249.50 254.20 4.7 4.98 4.98 249.50 254.48 106 18 Aug 2345
33F 254.20 258.90 4.7 4.52 4.52 254.20 258.72 96 19 Aug 0010
34F 258.90 263.60 4.7 4.81 4.81 258.90 263.71 102 19 Aug 0050
35F 263.60 268.30 4.7 4.96 4.96 263.60 268.56 106 19 Aug 0135
36F 268.30 273.00 4.7 4.94 4.94 268.30 273.24 105 19 Aug 0205
37F 273.00 277.70 4.7 4.70 4.70 273.00 277.70 100 19 Aug 0225
38F 277.70 282.40 4.7 4.81 4.81 277.70 282.51 102 19 Aug 0250
39F 282.40 284.20 1.8 1.85 1.85 282.40 284.25 103 19 Aug 0300
40X 284.20 290.60 6.4 7.76 7.76 284.20 291.96 121 19 Aug 0415
41F 290.60 295.30 4.7 4.78 4.78 290.60 295.38 102 19 Aug 0445
42F 295.30 300.00 4.7 4.89 4.89 295.30 300.19 104 19 Aug 0510
43F 300.00 304.70 4.7 4.92 4.92 300.00 304.92 105 19 Aug 0530
44F 304.70 309.40 4.7 4.75 4.75 304.70 309.45 101 19 Aug 0550
45F 309.40 314.10 4.7 5.04 5.04 309.40 314.44 107 19 Aug 0615
46F 314.10 318.80 4.7 5.10 5.10 314.10 319.20 109 19 Aug 0635
47F 318.80 323.50 4.7 5.04 5.04 318.80 323.84 107 19 Aug 0654
48F 323.50 328.20 4.7 4.88 4.88 323.50 328.38 104 19 Aug 0720
49F 328.20 332.90 4.7 4.91 4.91 328.20 333.11 104 19 Aug 0740
50F 332.90 337.60 4.7 4.86 4.86 332.90 337.76 103 19 Aug 0800
51F 337.60 342.30 4.7 5.12 5.12 337.60 342.72 109 19 Aug 0825
52F 342.30 347.00 4.7 4.99 4.99 342.30 347.29 106 19 Aug 0840
53F 347.00 351.70 4.7 4.78 4.78 347.00 351.78 102 19 Aug 0905
54F 351.70 356.40 4.7 5.04 5.04 351.70 356.74 107 19 Aug 0925
55F 356.40 361.10 4.7 4.66 4.66 356.40 361.06 99 19 Aug 0950
56F 361.10 365.80 4.7 4.91 4.91 361.10 366.01 104 19 Aug 1010
57F 365.80 370.50 4.7 4.93 4.93 365.80 370.73 105 19 Aug 1035
58F 370.50 375.20 4.7 5.11 5.11 370.50 375.61 109 19 Aug 1110
59X 375.20 384.80 9.6 0.00 0.00 375.20 375.20 0 19 Aug 1200
60X 384.80 394.40 9.6 0.10 0.10 384.80 384.90 1 19 Aug 1225
61X 394.40 404.00 9.6 3.79 3.79 394.40 398.19 39 19 Aug 1255
62X 404.00 408.80 4.8 0.00 0.00 404.00 404.00 0 19 Aug 1325
63X 408.80 413.60 4.8 0.00 0.00 408.80 408.80 0 19 Aug 1355
64X 413.60 418.40 4.8 1.49 1.49 413.60 415.09 31 19 Aug 1425
65X 418.40 423.20 4.8 0.44 0.44 418.40 418.84 9 19 Aug 1450
66X 423.20 428.00 4.8 0.00 0.00 423.20 423.20 0 19 Aug 1515
67X 428.00 432.80 4.8 0.33 0.33 428.00 428.33 7 19 Aug 1530
68X 432.80 437.60 4.8 0.00 0.00 432.80 432.80 0 19 Aug 1605
69X 437.60 442.40 4.8 0.03 0.03 437.60 437.63 1 19 Aug 1635
70X 442.40 447.20 4.8 0.00 0.00 442.40 442.40 0 19 Aug 1700
71X 447.20 452.00 4.8 0.00 0.34 447.20 447.54 0 19 Aug 1725
72X 452.00 456.80 4.8 5.11 5.11 452.00 457.11 106 19 Aug 1845
73X 456.80 461.60 4.8 4.32 4.32 456.80 461.12 90 19 Aug 1930
74X 461.60 466.40 4.8 0.24 0.24 461.60 461.84 5 19 Aug 2025
75X 466.40 471.20 4.8 0.53 0.53 466.40 466.93 11 19 Aug 2110
76X 471.20 476.00 4.8 5.25 5.25 471.20 476.45 109 19 Aug 2200
77X 476.00 480.80 4.8 6.65 6.65 476.00 482.65 139 19 Aug 2250
78X 480.80 485.60 4.8 4.37 4.37 480.80 485.17 91 19 Aug 2335
79X 485.60 490.40 4.8 5.28 5.28 485.60 490.88 110 20 Aug 0015
80X 490.40 500.10 9.7 9.79 9.79 490.40 500.19 101 20 Aug 0115
81X 500.10 504.10 4.0 5.48 5.48 500.10 505.58 137 20 Aug 0235
82X 504.10 513.80 9.7 2.51 2.51 504.10 506.61 26 20 Aug 0355
83X 513.80 523.50 9.7 8.22 8.22 513.80 522.02 85 20 Aug 0500
84X 523.50 533.20 9.7 8.72 8.72 523.50 532.22 90 20 Aug 0615
85X 533.20 542.90 9.7 9.96 9.96 533.20 543.16 103 20 Aug 0720
86X 542.90 552.60 9.7 10.05 10.05 542.90 552.95 104 20 Aug 0840
87X 552.60 562.30 9.7 9.83 9.83 552.60 562.43 101 20 Aug 1010
88X 562.30 571.00 8.7 8.31 8.31 562.30 570.61 96 20 Aug 1130
89X 571.00 579.20 8.2 3.21 3.21 571.00 574.21 39 20 Aug 1305
90X 579.20 588.90 9.7 3.77 3.77 579.20 582.97 39 20 Aug 1405
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91X 588.90 598.60 9.7 2.58 2.58 588.90 591.48 27 20 Aug 1530
92X 598.60 608.30 9.7 7.34 7.34 598.60 605.94 76 20 Aug 1710
93X 608.30 618.00 9.7 6.98 6.98 608.30 615.28 72 20 Aug 1900
94X 618.00 627.70 9.7 9.83 9.83 618.00 627.83 101 20 Aug 2020
95X 627.70 637.40 9.7 4.12 4.12 627.70 631.82 42 20 Aug 2140
96X 637.40 647.10 9.7 8.11 8.11 637.40 645.51 84 20 Aug 2250
97X 647.10 656.80 9.7 9.59 9.59 647.10 656.69 99 21 Aug 0010
98X 656.80 662.10 5.3 4.94 4.94 656.80 661.74 93 21 Aug 0150
99X 662.10 669.10 7.0 0.00 0.00 662.10 662.10 0 21 Aug 0305
100X 669.10 676.10 7.0 8.37 8.37 669.10 677.47 120 21 Aug 0435
101X 676.10 685.80 9.7 6.50 6.50 676.10 682.60 67 21 Aug 0605
102X 685.80 693.80 8.0 8.27 8.27 685.80 694.07 103 21 Aug 0745
103X 693.80 698.80 5.0 6.02 6.02 693.80 699.82 120 21 Aug 0900
104X 698.80 704.30 5.5 6.14 6.14 698.80 704.94 112 21 Aug 1030
105X 704.30 708.90 4.6 0.00 0.00 704.30 704.30 0 21 Aug 1145
106X 708.90 717.90 9.0 8.47 8.47 708.90 717.37 94 21 Aug 1305
107X 717.90 720.90 3.0 2.82 2.82 717.90 720.72 94 21 Aug 1410
108X 720.90 728.00 7.1 7.14 7.14 720.90 728.04 101 21 Aug 1525
109X 728.00 737.70 9.7 3.03 3.03 728.00 731.03 31 21 Aug 1655
110X 737.70 747.40 9.7 8.08 8.08 737.70 745.78 83 21 Aug 1830
111X 747.40 757.10 9.7 9.47 9.47 747.40 756.87 98 21 Aug 1950
112X 757.10 766.80 9.7 6.95 6.95 757.10 764.05 72 21 Aug 2120
113X 766.80 770.80 4.0 6.51 6.51 766.80 773.31 163 21 Aug 2250
114X 770.80 776.10 5.3 1.34 1.34 770.80 772.14 25 22 Aug 0030
115X 776.10 785.80 9.7 9.25 9.25 776.10 785.35 95 22 Aug 0210
116X 785.80 795.50 9.7 9.03 9.03 785.80 794.83 93 22 Aug 0335
117X 795.50 805.20 9.7 8.74 8.74 795.50 804.24 90 22 Aug 0505
118X 805.20 814.90 9.7 5.57 5.57 805.20 810.77 57 22 Aug 0655
119X 814.90 822.90 8.0 8.47 8.47 814.90 823.37 106 22 Aug 0830
120X 822.90 827.10 4.2 3.37 3.37 822.90 826.27 80 22 Aug 1015
121X 827.10 832.80 5.7 6.89 6.89 827.10 833.99 121 22 Aug 1235
122X 832.80 836.60 3.8 1.91 1.91 832.80 834.71 50 22 Aug 1430
123X 836.60 842.60 6.0 4.04 4.04 836.60 840.64 67 22 Aug 1635
124X 842.60 852.30 9.7 8.50 8.50 842.60 851.10 88 22 Aug 1855
125X 852.30 857.30 5.0 6.00 6.00 852.30 858.30 120 22 Aug 2030
126X 857.30 864.00 6.7 7.05 7.05 857.30 864.35 105 22 Aug 2225
127X 864.00 869.70 5.7 4.32 4.32 864.00 868.32 76 23 Aug 0050
128X 869.70 873.70 4.0 4.87 4.87 869.70 874.57 122 23 Aug 0310
129X 873.70 879.20 5.5 4.04 4.04 873.70 877.74 73 23 Aug 0530

356-U1461C-
1H 0.00 8.40 8.4 8.39 8.39 0.00 8.39 100 23 Aug 1120
2H 8.40 17.90 9.5 9.25 9.25 8.40 17.65 97 23 Aug 1205
3H 17.90 27.40 9.5 9.60 9.60 17.90 27.50 101 23 Aug 1230
4H 27.40 36.90 9.5 9.66 9.66 27.40 37.06 102 23 Aug 1310
5H 36.90 46.40 9.5 4.49 4.49 36.90 41.39 47 23 Aug 1340
6H 46.40 55.90 9.5 7.08 7.08 46.40 53.48 75 23 Aug 1415
7H 55.90 63.50 7.6 9.20 9.20 55.90 65.10 121 23 Aug 1440
8H 63.50 73.00 9.5 9.72 9.75 63.50 73.25 102 23 Aug 1510
9H 73.00 82.50 9.5 10.22 10.22 73.00 83.22 108 23 Aug 1535
10H 82.50 92.00 9.5 10.15 10.15 82.50 92.65 107 23 Aug 1610
11H 92.00 101.50 9.5 10.15 10.15 92.00 102.15 107 23 Aug 1635
12H 101.50 111.00 9.5 10.51 10.51 101.50 112.01 111 23 Aug 1655
13H 111.00 120.50 9.5 9.77 9.77 111.00 120.77 103 23 Aug 1720
14H 120.50 130.00 9.5 10.17 10.17 120.50 130.67 107 23 Aug 1745
15H 130.00 139.50 9.5 10.37 10.37 130.00 140.37 109 23 Aug 1805
16H 139.50 149.00 9.5 10.16 10.16 139.50 149.66 107 23 Aug 1845
17H 149.00 158.50 9.5 8.80 8.80 149.00 157.80 93 23 Aug 1910
18H 158.50 168.00 9.5 9.98 9.98 158.50 168.48 105 23 Aug 1930
19H 168.00 177.50 9.5 10.46 10.46 168.00 178.46 110 23 Aug 1950
20H 177.50 187.00 9.5 10.03 10.03 177.50 187.53 106 23 Aug 2015
21H 187.00 196.50 9.5 10.45 10.45 187.00 197.45 110 23 Aug 2040
22H 196.50 206.00 9.5 9.51 9.51 196.50 206.01 100 23 Aug 2100
23H 206.00 215.50 9.5 10.04 10.04 206.00 216.04 106 23 Aug 2130
24F 215.50 220.20 4.7 4.78 4.78 215.50 220.28 102 23 Aug 2300
25F 220.20 224.90 4.7 5.03 5.03 220.20 225.23 107 23 Aug 2320
26F 224.90 229.60 4.7 4.76 4.76 224.90 229.66 101 23 Aug 2335
27F 229.60 234.30 4.7 5.17 5.17 229.60 234.77 110 23 Aug 2350
28F 234.30 239.00 4.7 5.09 5.09 234.30 239.39 108 24 Aug 0010
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29F 239.00 243.70 4.7 5.17 5.17 239.00 244.17 110 24 Aug 0025
30F 243.70 248.40 4.7 5.26 5.26 243.70 248.96 112 24 Aug 0040
31F 248.40 253.10 4.7 5.33 5.33 248.40 253.73 113 24 Aug 0100
32F 253.10 256.10 3.0 3.80 3.80 253.10 256.90 127 24 Aug 0120
33F 256.10 260.80 4.7 4.91 4.91 256.10 261.01 104 24 Aug 0135
34F 260.80 265.50 4.7 4.83 4.83 260.80 265.63 103 24 Aug 0155
35F 265.50 270.20 4.7 5.27 5.27 265.50 270.77 112 24 Aug 0215
36F 270.20 274.90 4.7 5.30 5.30 270.20 275.50 113 24 Aug 0235
37F 274.90 279.60 4.7 5.36 5.36 274.90 280.26 114 24 Aug 0250
38F 279.60 284.30 4.7 4.67 4.67 279.60 284.27 99 24 Aug 0310
39F 284.30 289.00 4.7 4.79 4.79 284.30 289.09 102 24 Aug 0335
401 ***** Drilled interval from 289.00 to 292.00 m DSF ***** 24 Aug 0350
41F 292.00 296.70 4.7 5.18 5.18 292.00 297.18 110 24 Aug 0405
42F 296.70 301.40 4.7 5.22 5.22 296.70 301.92 111 24 Aug 0430
43F 301.40 306.10 4.7 5.11 5.11 301.40 306.51 109 24 Aug 0450
44F 306.10 310.80 4.7 4.91 4.91 306.10 311.01 104 24 Aug 0525
45F 310.80 315.50 4.7 5.18 5.18 310.80 315.98 110 24 Aug 0545
46F 315.50 320.20 4.7 5.30 5.30 315.50 320.80 113 24 Aug 0600
47F 320.20 324.90 4.7 5.33 5.33 320.20 325.53 113 24 Aug 0620
48F 324.90 329.60 4.7 5.02 5.02 324.90 329.92 107 24 Aug 0640
49F 329.60 334.30 4.7 5.28 5.28 329.60 334.88 112 24 Aug 0700
50F 334.30 339.00 4.7 5.08 5.08 334.30 339.38 108 24 Aug 0725
51F 339.00 343.70 4.7 4.99 4.99 339.00 343.99 106 24 Aug 0750
52F 343.70 348.40 4.7 4.96 4.96 343.70 348.66 106 24 Aug 0810
53F 348.40 353.10 4.7 4.78 4.78 348.40 353.18 102 24 Aug 0830
54F 353.10 357.80 4.7 5.38 5.38 353.10 358.48 114 24 Aug 0845
55F 357.80 362.50 4.7 5.25 5.25 357.80 363.05 112 24 Aug 0910
56F 362.50 367.20 4.7 5.09 5.09 362.50 367.59 108 24 Aug 0950
57F 367.20 371.90 4.7 5.07 5.04 367.20 372.24 108 24 Aug 1010
58F 371.90 376.60 4.7 4.98 4.98 371.90 376.88 106 24 Aug 1030
59F 376.60 381.30 4.7 5.04 5.04 376.60 381.64 107 24 Aug 1050
60F 381.30 386.00 4.7 4.98 4.98 381.30 386.28 106 24 Aug 1110
61F 386.00 390.70 4.7 5.02 4.99 386.00 390.99 107 24 Aug 1130
62F 390.70 395.40 4.7 5.05 5.05 390.70 395.75 107 24 Aug 1150
63F 395.40 400.10 4.7 5.10 5.10 395.40 400.50 109 24 Aug 1220
64F 400.10 404.80 4.7 3.84 3.84 400.10 403.94 82 24 Aug 1245
65F 404.80 409.50 4.7 2.29 2.29 404.80 407.09 49 24 Aug 1305
66F 409.50 414.20 4.7 3.50 3.50 409.50 413.00 74 24 Aug 1325
67F 414.20 418.90 4.7 3.72 3.72 414.20 417.92 79 24 Aug 1345
68F 418.90 423.60 4.7 2.90 2.90 418.90 421.80 62 24 Aug 1415
69F 423.60 428.30 4.7 3.11 3.11 423.60 426.71 66 24 Aug 1435
70F 428.30 433.00 4.7 4.67 4.67 428.30 432.97 99 24 Aug 1525
71F 433.00 437.70 4.7 4.90 4.90 433.00 437.90 104 24 Aug 1605
72F 437.70 442.40 4.7 3.14 3.14 437.70 440.84 67 24 Aug 1705
73F 442.40 443.90 1.5 1.48 1.48 442.40 443.88 99 24 Aug 1740

356-U1461D-
11 ***** Drilled interval from 0.00 to 455.00 m DSF ***** 25 Aug 1115
2R 455.00 464.70 9.7 1.36 1.36 455.00 456.36 14 25 Aug 1210
3R 464.70 474.40 9.7 3.03 3.03 464.70 467.73 31 25 Aug 1305
41 ***** Drilled interval from 474.40 to 503.00 m DSF ***** 25 Aug 1414
5R 503.00 512.70 9.7 7.38 7.38 503.00 510.38 76 25 Aug 1530
61 ***** Drilled interval from 512.70 to 565.00 m DSF ***** 25 Aug 1905
7R 565.00 574.70 9.7 1.92 1.92 565.00 566.92 20 25 Aug 2015
8R 574.70 584.40 9.7 9.95 9.95 574.70 584.65 103 25 Aug 2120
9R 584.40 594.10 9.7 1.34 1.34 584.40 585.74 14 25 Aug 2230
10R 594.10 603.80 9.7 9.87 9.87 594.10 603.97 102 25 Aug 2320
11R 603.80 613.50 9.7 7.75 7.75 603.80 611.55 80 26 Aug 0010
12R 613.50 623.20 9.7 8.95 8.95 613.50 622.45 92 26 Aug 0100
13R 623.20 632.90 9.7 9.33 9.33 623.20 632.53 96 26 Aug 0200
14R 632.90 642.60 9.7 9.29 9.29 632.90 642.19 96 26 Aug 0255
15R 642.60 652.30 9.7 9.98 10.01 642.60 652.61 103 26 Aug 0410
16R 652.30 662.00 9.7 3.60 3.60 652.30 655.90 37 26 Aug 0510
17R 662.00 671.70 9.7 3.67 3.67 662.00 665.67 38 26 Aug 0610
18R 671.70 681.40 9.7 9.95 9.95 671.70 681.65 103 26 Aug 0720
19R 681.40 691.10 9.7 3.40 3.40 681.40 684.80 35 26 Aug 0825
20R 691.10 700.80 9.7 9.50 9.50 691.10 700.60 98 26 Aug 0950
21R 700.80 710.50 9.7 0.00 0.00 700.80 700.80 0 26 Aug 1115
22R 710.50 720.20 9.7 2.89 2.89 710.50 713.39 30 26 Aug 1240
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23R 720.20 729.90 9.7 9.74 9.74 720.20 729.94 100 26 Aug 1335
24R 729.90 739.60 9.7 9.22 9.22 729.90 739.12 95 26 Aug 1525
25R 739.60 749.30 9.7 8.62 8.62 739.60 748.22 89 26 Aug 1620
26R 749.30 759.00 9.7 0.00 0.00 749.30 749.30 0 26 Aug 1720
27R 759.00 768.70 9.7 8.02 8.02 759.00 767.02 83 26 Aug 1820
28R 768.70 778.40 9.7 5.62 5.62 768.70 774.32 58 26 Aug 1925
29R 778.40 788.10 9.7 9.93 9.93 778.40 788.33 102 26 Aug 2035
30R 788.10 797.80 9.7 2.94 2.94 788.10 791.04 30 26 Aug 2135
31R 797.80 807.50 9.7 3.22 3.22 797.80 801.02 33 26 Aug 2235
32R 807.50 817.20 9.7 0.19 0.19 807.50 807.69 2 26 Aug 2340
33R 817.20 826.90 9.7 0.43 0.43 817.20 817.63 4 27 Aug 0045
34R 826.90 836.60 9.7 10.05 10.05 826.90 836.95 104 27 Aug 0220
35R 836.60 846.30 9.7 10.02 10.02 836.60 846.62 103 27 Aug 0330
36R 846.30 856.00 9.7 3.10 3.10 846.30 849.40 32 27 Aug 0445
37R 856.00 865.70 9.7 9.46 9.46 856.00 865.46 98 27 Aug 0610
38R 865.70 875.40 9.7 8.17 8.17 865.70 873.87 84 27 Aug 0730
39R 875.40 885.10 9.7 8.46 8.46 875.40 883.86 87 27 Aug 0900
40R 885.10 894.80 9.7 0.35 0.35 885.10 885.45 4 27 Aug 1050
41R 894.80 904.50 9.7 9.92 9.92 894.80 904.72 102 27 Aug 1230
42R 904.50 914.20 9.7 2.99 2.99 904.50 907.49 31 27 Aug 1350
43R 914.20 923.90 9.7 4.01 4.01 914.20 918.21 41 27 Aug 1510
44R 923.90 933.60 9.7 10.10 10.10 923.90 934.00 104 27 Aug 1620
45R 933.60 943.30 9.7 9.56 9.56 933.60 943.16 99 27 Aug 1750
46R 943.30 953.00 9.7 7.12 7.12 943.30 950.42 73 27 Aug 1935
47R 953.00 962.70 9.7 0.23 0.23 953.00 953.23 2 27 Aug 2105
48R 962.70 972.40 9.7 0.39 0.39 962.70 963.09 4 27 Aug 2200
49R 972.40 982.10 9.7 8.06 8.06 972.40 980.46 83 27 Aug 2345
50R 982.10 991.80 9.7 0.20 0.20 982.10 982.30 2 28 Aug 0050
51R 991.80 1001.50 9.7 9.90 9.90 991.80 1001.70 102 28 Aug 0150
52R 1001.50 1011.20 9.7 9.50 9.50 1001.50 1011.00 98 28 Aug 0240
53R 1011.20 1020.90 9.7 1.53 1.53 1011.20 1012.73 16 28 Aug 0405
54R 1020.90 1030.60 9.7 2.93 2.93 1020.90 1023.83 30 28 Aug 0455
55R 1030.60 1040.30 9.7 1.30 1.30 1030.60 1031.90 13 28 Aug 0540
56R 1040.30 1050.00 9.7 5.96 5.96 1040.30 1046.26 61 28 Aug 0630
57R 1050.00 1059.70 9.7 4.27 4.27 1050.00 1054.27 44 28 Aug 0730
58R 1059.70 1069.40 9.7 2.67 2.67 1059.70 1062.37 28 28 Aug 0825
59R 1069.40 1079.10 9.7 5.31 5.31 1069.40 1074.71 55 28 Aug 0940
60R 1079.10 1085.60 6.5 5.54 5.54 1079.10 1084.64 85 28 Aug 1040
61R 1085.60 1095.30 9.7 3.32 3.32 1085.60 1088.92 34 28 Aug 1155
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Table T2 (continued).

perature measurements with the APCT-3 were made on Cores 4H, 
10H, and 16H. The HLAPC system was then used to recover Cores 
24F through 73F to 443.9 m DSF, which was HLAPC refusal. The 
final temperature measurement for the hole was taken on Core 24F. 
There was one drilled interval (289.0–292.0 m DSF) to aid in cor-
relation between Holes U1461A, U1461B, and U1461C. Hole 
U1461C ended at 0510 h on 25 August. A total of 225.4 m was cored 
with the HLAPC system with 230.37 m recovered, and the APC sys-
tem recovered 218.16 m from 215.5 m cored (recovery = 101.7%). 
The total time spent on Hole U1461C was 36.5 h (1.5 days).

Hole U1461D
The vessel was offset 20 m north of Hole U1461C, and a drill-

ing/coring plan was prepared for Hole U1461D (20°12.8325′S, 
115°3.9389′E; seafloor = 127.5 mbsl [offset from Hole U1461C]) 
based on the total depth and recovery of Hole U1461B with the 
APC/XCB system. The objective for Hole U1461D was to drill to 
~455 meters below seafloor (mbsf), RCB core to ~474.4 mbsf, drill 
to 503.0 mbsf then take one core, drill to 565 mbsf, RCB core to ap-
proximately 1030 mbsf or until science objectives were achieved 
(maximum depth = 1155 mbsf), and log with three tool strings.

Hole U1461D was started at 0940 h on 25 August 2015. After 
drilling 455 m, the center bit was pulled out. A nonmagnetic RCB 
core barrel was dressed and dropped (9⅞ inch RCB bit with a 143.78 
m long bottom-hole assembly) and coring began from 455.0 m DSF. 
Cores 356-U1461D-2R and 3R were recovered to 474.4 m DSF. The 
center bit was dropped back in and the hole advanced by drilling 
without recovery to 503.0 m DSF. The RCB center bit was pulled out 
again, another nonmagnetic core barrel was dropped, and Core 5R 
was cut to 512.7 m DSF. The center bit was dropped in again, and 
the hole advanced by drilling without recovery to 565.0 m DSF. Af-
ter retrieving the center bit, continuous RCB coring began with the 
recovery of Core 7R. While RCB coring was ongoing, the M/V Lobo
arrived alongside the vessel at 1345 h on 26 August, with four pas-
sengers and some small pieces of cargo. Cargo, luggage, and passen-
gers were unloaded, and two passengers with luggage boarded the 
Lobo. At 1400 h, the Lobo departed bound for Dampier, Western 
Australia. Cores 8R through 23R were recovered to 729.9 m DSF. 
Operations were halted for 30 min to troubleshoot and repair a 
leaking wash pipe on the swivel. Coring resumed with the recovery 
of Core 24R and continued to a final depth of 1095.3 m DSF (Core 
61R), which was reached at 1905 h on 28 August. A total of 559.4 m 
IODP Proceedings 8 Volume 356
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was cored with the RCB system, recovering 325.51 m (recovery = 
58%).

The hole was then circulated with high-viscosity mud and the 
RCB coring bit was dropped. After releasing the bit, the drill string 
was pulled up to 500.1 m DSF and the circulating head was in-
stalled. The upper 500.1 m of the hole was displaced with 250 bar-
rels of +11 lb/gal mud. The end of the pipe was then set at logging 
depth (78.1 m DSF), and preparations were made for downhole log-
ging. The triple combo tool string was assembled and deployed by 
0400 h on 29 August. It contained the following tools: magnetic sus-
ceptibility sonde, High-Resolution Laterolog Array, Hostile Envi-
ronment Litho-Density Sonde, Accelerator Porosity Sonde, Hostile 
Environment Natural Gamma Ray Sonde (HNGS), Enhanced Digi-
tal Telemetry Cartridge (EDTC), and logging equipment head-q 
tension (LEH-QT). After the tool string exited the drill pipe, the ac-
tive heave compensator was turned on. A downlog was performed 
from just above seafloor to 1031.7 m DSF, and then an uplog was 
produced to 1020 m DSF for a calibration pass. While attempting to 
return to the bottom, surface tension was lost on the wireline, but 
tension remained at the cablehead. We determined that the upper 
section of the hole had collapsed. The hole was then logged up to 
the end of the drill pipe, experiencing overpull the entire time. 
Overpull reached ~5000 lb between 750 and 650 meters below rig 
floor (mbrf), and even more significant tool tension was experi-
enced from 440 to 350 mbrf, which is the suspected depth where the 
hole collapsed. The caliper was closed at 405 mbrf to retrieve the 
tool string. As the tools approached the end of the drill pipe, circu-
lation was initiated to aid the tool string’s reentry into the pipe. The 
tools were pulled from the hole and rigged down at 1200 h. The 
FMS-sonic tool string was then assembled with the following tools: 
FMS, Dipole Sonic Imager, HNGS, EDTC, and LEH-QT. At 1310 h, 
the tool string was lowered without difficulty through the drill pipe, 
activated, and the hole was logged down to ~190 m DSF. After try-
ing unsuccessfully to pass deeper, the hole was logged up. Two 
passes were made over the total length of open hole. The tool string 
was pulled back to the surface and rigged down by 1630 h. No dam-
age was found to any of the logging tools from either tool string. 
The drill string was pulled from the hole, and the rig floor was se-
cured for transit. The thrusters and hydrophones were then pulled 
and secured, ending Site U1461. The total time spent on Hole 
U1461D was 111.5 h (4.6 days), and the total time spent on Site 
U1461 was 12.3 days.

Lithostratigraphy
Lithostratigraphy of Site U1461 is divided into four units, with 

six subunits in Unit II (Table T3; Figure F4). Lithostratigraphic 
units and their boundaries are defined by changes in lithology 
(identified by visual core description and smear slide observations; 
see LITH in Supplementary material), physical properties, color 
reflectance (L*, a*, and b*), X-ray diffraction (XRD), petrographic 
section analyses, and seismic data. Unit boundaries are defined by 
lithologic changes downhole. The subunits in Unit II are recognized 
by cyclic changes in sediment composition and characteristics. Five 
of the six subunits are divided into two intervals: (1) an upper, 
coarser grained, darker-colored, thicker interval and (2) a lower, 
finer grained, light-colored, thinner interval. These upper and lower 
intervals are further distinguished by differences in abundances of 

bioturbation, macrofossils, and peloids. All thin section samples are 
listed in Table T4 and all XRD analyses are summarized in Table T5.

The lithologic descriptions are based on sediments recovered 
from Holes U1461A (0–284.71 m core depth below seafloor [CSF-
A]), U1461B (0–877.74 m CSF-A), U1461C (0–443.88 m CSF-A), 
and U1461D (0–1088.92 m CSF-A). Thin section observations are 
based primarily on samples from Holes U1461A and U1461B (Table 
T4), supplemented by data from Holes U1461C and U1461D. Holes 
U1461A–U1461D were aligned based on drilling depth and correla-
tion of lithologic boundaries (Figure F5). All XRD analyses were 
semiquantitative and performed on bulk sediment samples (Table 
T5).

Unit I
Intervals: 356-U1461A-1F-1, 0 cm, through 4H-1, 0 cm; 356-

U1461B-1H-1, 0 cm, through 2H-5, 90 cm; 356-U1461C-
1H-1, 0 cm, through 2H-3, 0 cm

Depths: Hole U1461A = 0–11.00 m CSF-A (11.00 m thick); Hole 
U1461B = 0–11.30 m CSF-A (11.30 m thick); Hole 
U1461C = 0–11.40 m CSF-A (11.40 m thick)

Age: recent–Late Pleistocene
Lithology: unlithified greenish-gray to brown packstone
Core quality: moderate to severe drilling disturbance, primarily 

soupiness

Unit I consists mainly of unlithified homogeneous olive-gray to 
greenish-gray packstone (Figures F4, F5). Glauconite grains are 
present in the uppermost part of the unit. Small benthic foramini-
fers are common, and bivalves are occasionally present throughout 
Unit I.

Smear slides
Smear slides show bioclastic sediment dominated by sand-sized 

benthic foraminifers and a diverse array of shell fragments (Figure 
F6A). Planktonic foraminifers, echinoderm spine fragments, bro-
ken sponge spicules, and well-preserved aragonitic pteropod shells 
are common accessory fossils. Nannofossils are present but uncom-
mon in the fine fraction. Siliciclastic grains (i.e., quartz, mica, and 
other lithic grains) are present throughout the unit. Clay minerals 
are common in the fine fraction but decline toward the base of Unit 
I.

Thin sections
No thin sections were taken in this unit.

XRD
Aragonite, with an average content of 35%, is the main carbon-

ate mineral in five samples from Unit I (Table T5). Low-Mg and 
high-Mg calcite are present in nearly equal amounts with average 
contents of 19% and 20%, respectively. The main noncarbonate 
minerals are quartz (average = 27%) and minor amounts of clay 
minerals.

Unit II
Intervals: 356-U1461A-4H-1, 0 cm, through 42F-CC, 21 cm; 356-

U1461B-2H-5, 90 cm, through 75X-CC, 0 cm; 356-
U1461C-2H-3, 0 cm, through 73F-CC, 10 cm; 356-
U1461D-2R-1, 0 cm, through 3R-3, 54 cm
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Table T3. Lithostratigraphic unit summary, Site U1461. Download table in .csv format.

Lith.
unit

Hole U1461A Hole U1461B

Core, section, interval (cm) Depth CSF-A (m) Core, section, interval (cm) Depth CSF-A (m)

Top Bottom Top Bottom Top Bottom Top Bottom

356-U1461A- 356-U1461A- 356-U1461B- 356-U1461B-
I 1F-1, 0 4H-1, 0 0.00 11.00 1H-1, 0 2H-5, 90 0.00 11.30
IIa 4H-1, 0 7H-1, 0 11.00 39.50 2H-5, 90 5H-4, 25 11.30 37.65
IIb 7H-1, 0 12F-1, 127 39.50 63.17 5H-4, 25 9H-1, 130 37.65 61.10
IIc 12F-1, 127 18H-1, 110 63.17 115.20 9H-1, 130 15H-1, 0 61.10 116.80
IId 18H-1, 110 42F-CC, 21 115.20 284.71 15H-1, 0 41F-1, 31 116.80 290.09
IIe 41F-1, 31 54F-1, 0 290.09 351.70
IIf 54F-1, 0 75X-CC, 0 351.70 466.40
III 75X-CC, 0 129X-CC, 43 466.40 877.74
IV

Lith.
unit

Hole U1461C Hole U1461D

Core, section, interval (cm) Depth CSF-A (m) Core, section, interval (cm) Depth CSF-A (m)

Top Bottom Top Bottom Top Bottom Top Bottom

356-U1461C- 356-U1461C- 356-U1461D- 356-U1461D-
I 1H-1, 0 2H-3, 0 0.00 11.40
IIa 2H-3, 0 5H-1, 0 11.40 36.90
IIb 5H-1, 0 8H-1, 36 36.90 63.86
IIc 8H-1, 36 13H-5, 61 63.86 117.29
IId 13H-5, 61 41F-1, 13 117.29 292.13
IIe 41F-1, 13 54F-1, 0 292.13 353.10
IIf 54F-1, 0 73F-CC, 10 353.10 443.88 2R-1, 0 3R-3, 54 455.00 466.98
III 3R-3, 54  51R-2, 0 466.98 992.88
IV 51R-2, 0 61R-CC, 29 992.88 1088.92

Depths: Hole U1461A = 11.00–284.71 m CSF-A (273.71 m thick); 
Hole U1461B = 11.30–466.40 m CSF-A (455.1 m thick); 
Hole U1461C = 11.40–443.88 m CSF-A (432.48 m thick); 
Hole U1461D = 455.0–466.98 m CSF-A (11.98 m thick)

Age: Late–Middle Pleistocene
Lithology: alternating beds of unlithified packstone, wackestone, 

and mudstone
Core quality: slight to severe drilling disturbance, primarily soupi-

ness and/or mixing, fragmentation, and fall-in of bio-
clastic gravel; XRD analysis of two bulk sediment samples 
from suspected fall-in within Unit II have similar miner-
alogical compositions dominated by aragonite and high-
Mg calcite; this composition correlates best with that of 
Subunit IIa, which may be the source of the fall-in

Unit II is divided into six subunits (IIa, IIb, IIc, IId, IIe, and IIf in 
order downhole). All subunits except Subunit IIa consist of two in-
tervals that alternate between (1) an upper, darker-colored wacke-
stone to packstone interval and (2) a lower, light-colored mudstone 
to wackestone interval. Throughout Unit II, the lower interval of 
each subunit is always thinner than the upper interval. Subunit IIa 
consists entirely of light-colored mudstone to wackestone.

Subunit IIa

Intervals: 356-U1461A-4H-1, 0 cm, through 7H-1, 0 cm; 356-
U1461B-2H-5, 90 cm, through 5H-4, 25 cm; 356-
U1461C-2H-3, 0 cm, through 5H-1, 0 cm

Depths: Hole U1461A = 11.00–39.50 m CSF-A (28.50 m thick); 
Hole U1461B = 11.30–37.65 m CSF-A (26.35 m thick); 
Hole U1461C = 11.40–36.90 m CSF-A (25.50 m thick)

Age: Late–Middle Pleistocene
Lithology: unlithified mudstone to wackestone with occasional 

peloids and bioturbation
Core quality: slight to moderate drilling disturbance, primarily 

soupiness, fragmentation, and fall-in of bioclastic gravel

Subunit IIa consists mainly of unlithified creamy-gray mudstone 
to wackestone (Figure F7A). Glauconite is common throughout and 
tends to occur as burrow infill. Small benthic foraminifers are pres-
ent throughout the subunit with occasional macrofossils, including 
bivalves, gastropods, scaphopods, pteropods, echinoderms, bryo-
zoans, and solitary corals. Peloids and slight to moderate biotur-
bation occur intermittently throughout this subunit.

Smear slides
Subunit IIa is composed of fine-grained micrite, consisting 

mainly of small aragonite needles with minor amounts of clay min-
erals. Large (>500 μm) peloids are characteristic. Ooids are rare. 
The sediment is nearly devoid of microfossils, with small numbers 
of calcareous nannofossils in the fine silt to clay fraction (<4–20 
μm). When present, most microfossils are benthic foraminifers, 
with rare planktonic foraminifers. Both benthic and planktonic for-
aminifers are often overgrown by calcite. Small fragments of mol-
lusk shells, echinoderm spines, and silt-sized sponge spicules are 
present in minor amounts. Heavily micritized ascidian spicules oc-
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Figure F4. Lithostratigraphic summary, Holes U1461A–U1461D. See Figure F7 in the Expedition 356 methods chapter (Gallagher et al., 2017) for lithology key.
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cur sparsely throughout this subunit. Siliciclastic grains are rare 
and, when present, range from medium- to coarse-silt size. Flakes of 
silt-sized mica are present in minor amounts.

Thin sections
No thin sections were taken in Subunit IIa.

XRD
Aragonite, with an average content of 79%, is the main carbon-

ate mineral in four samples from Subunit IIa (Table T5). Low-Mg 
and high-Mg calcite are present with average contents of 7% and 
12%, respectively. Quartz is present in only two samples (average = 
3%), and clay minerals are absent.
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Table T4. Thin section samples, Site U1461. All thin sections are from working-half sections. Download table in .csv format.

Lith.
unit

Hole, core, section,
interval (cm)

Top depth
CSF-A (m)

Bottom
depth

CSF-A (m)

356-
IIb2 U1461A-11F-3, 22–24 60.42 60.44
IIb2 U1461B-8F-2, 57–62 57.17 57.22
IIc1 U1461A-12F-2, 23–27 63.63 63.67
IIc1 U1461A-13H-1, 24–26 66.84 66.86
IIc1 U1461A-14H-1, 120–122 77.30 77.32
IId1 U1461A-36F-1, 5–9 256.35 256.39
IId1 U1461A-39F-1, 50–52 270.90 270.92
IId1 U1461B-21H-1, 11–15 173.91 173.95
IId1 U1461B-22H-7, 124–126 193.29 193.31
IId1 U1461B-24H-5, 54–56 208.57 208.59
IId1 U1461B-30F-1, 69–71 240.79 240.81
IId1 U1461B-31F-1, 32–35 245.12 245.15
IId1 U1461C-36F-5, 0–4 274.80 274.84
IId2 U1461A-40F-1, 56–60 275.66 275.70
IId2 U1461A-42F-CC, 7–11 284.57 284.61
IIe1 U1461B-50F-1, 17–20 333.07 333.10
IIf1 U1461B-54F-2, 7–10 352.15 352.18
IIf1 U1461B-55F-3, 63–65 360.04 360.06
IIf1 U1461B-57F-1, 126–128 367.06 367.08
IIf1 U1461B-58F-1, 5–9 370.55 370.59
IIf1 U1461B-64X-CC, 23–27 414.97 415.01
IIf2 U1461B-72X-4, 67–69 456.67 456.69

Table T5. Semiquantitative XRD analysis of dominant mineral phases, Site U1461. LMC = low-Mg calcite, HMC = high-Mg calcite. MgCO3 of dolomite was calcu-
lated based on the d-value of the [104] peak (Lumsden, 1979). Download table in .csv format.

Lith. unit/
interval

Hole, core, section,
interval (cm)

Depth
CSF-A (m)

Clay mineral
group 

Relative (%) Mg content
(mol%)Celestite Quartz Aragonite LMC HMC Dolomite

356-
I U1461C-1H-3, 71 3.71 Illite/Kaolinite 0 28 32 19 21 0
I U1461C-1H-6, 57 8.07 Illite/Kaolinite 0 25 34 21 20 0
I U1461C-2H-1, 70 9.10 Illite/Kaolinite 0 41 29 15 15 0
I U1461C-2H-1, 110 9.50 Illite/Kaolinite 0 21 38 20 21 0
I U1461C-2H-2, 64 10.54 Illite/Kaolinite 0 21 40 17 21 0
IIa U1461C-2H-3, 72 12.12 0 4 79 10 7 0
IIa U1461C-2H-4, 70 13.06 0 2 79 7 12 0
IIa U1461C-2H-5, 70 15.10 0 0 78 11 11 0
IIa U1461A-5H-3, 100 24.50 0 0 81 0 19 0
IIb1 U1461C-6H-1, 69 47.09 Illite/Kaolinite 0 15 36 49 0 0
IIc1 U1461C-10H-1, 75 83.25 Illite/Kaolinite 0 10 26 63 0 0
IIc2 U1461A-17H-3, 100 108.45 0 2 68 30 0 0
IId1 U1461C-17H-4, 60 152.64 Illite/Kaolinite 0 20 21 59 0 0
IId1 U1461A-22H-3, 100 155.93 Illite 1 10 15 65 0 9 43
IId1 U1461B-21H-2, 71 175.53 3 30 11 52 0 4 42
IId1 U1461C-20H-3, 60 180.99 Illite/Kaolinite 0 21 16 64 0 0
IId1 U1461A-27H-3, 100 202.46 1 8 9 78 0 4 42
IId1 U1461C-27F-3, 60 232.01 Illite/Kaolinite 0 14 15 61 0 10 42
IId1 U1461C-36F-5, 15 274.95 Illite/Kaolinite 0 8 34 56 0 2 43
IId2 U1461A-40F-2, 60 277.10 0 1 49 51 0 0
IId2 U1461B-40X-3, 75 287.95 1 1 40 58 0 0
IIe1 U1461C-48F-3, 61 328.51 Illite/Kaolinite 4 13 14 63 0 7 42
IIf1 U1461B-64X-1, 59 414.19 1 9 5 82 0 4 42
IIf2 U1461B-72X-3, 64 455.44 1 1 45 52 0 1
III U1461B-80X-3, 77 494.18 1 13 4 80 0 2 42
III U1461B-86X-3, 66 546.56 Illite/Kaolinite 1 14 7 74 0 3 42
III U1461B-92X-2, 26 600.36 Illite 1 14 9 73 0 4 42
III U1461B-101X-3, 50 679.50 Illite/Kaolinite 1 20 10 65 0 4 43
III U1461B-104X-3, 60 701.75 Illite/Kaolinite 1 19 7 66 0 6 43
III U1461B-111X-4, 111 752.89 Illite/Kaolinite 1 20 5 70 0 4 43
III U1461B-119X-5, 71 820.55 Illite/Kaolinite 1 22 0 73 0 4 43
III U1461B-125X-3, 71 856.01 Illite/Kaolinite 0 18 0 70 0 12 43
III U1461B-129X-2, 61 875.79 Illite/Kaolinite 3 23 0 70 0 4 45
Fall-in U1461C-2H-4, 125 14.15 0 0 79 6 16 0
Fall-in U1461B-55F-1, 1 356.41 4 2 82 0 10 2 42

IIf2 U1461B-73X-1, 135–138 458.15 458.18
IIf2 U1461D-2R-1, 82–85 455.82 455.85
IIf2 U1461D-3R-1, 58–60 465.28 465.30
III U1461B-76X-1, 88–91 472.08 472.11
III U1461B-79X-1, 98–102 486.58 486.62
III U1461B-82X-2, 18–22 505.78 505.82
III U1461B-91X-1, 19–23 589.09 589.13
III U1461B-96X-5, 109–111 644.39 644.41
III U1461B-116X-7, 35–38 794.08 794.11
III U1461D-7R-2, 48–52 566.31 566.35
III U1461D-23R-5, 55–59 726.05 726.09
III U1461D-24R-1, 38–42 730.28 730.32
III U1461D-42R-1, 81–86 905.31 905.36
IV U1461D-53R-CC, 0–13 1012.60 1012.73
IV U1461D-56R-4, 65–67 1044.86 1044.88
IV U1461D-59R-1, 87–90 1070.27 1070.30
IV U1461D-59R-4, 15–18 1073.86 1073.89
IV U1461D-60R-3, 47–50 1082.58 1082.61
IV U1461D-60R-4, 44–47 1083.95 1083.98
IV U1461D-60R-4, 56–59 1084.07 1084.10
IV U1461D-60R-4, 59–62 1084.10 1084.13

Lith.
unit

Hole, core, section,
interval (cm)

Top depth
CSF-A (m)

Bottom
depth

CSF-A (m)
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Figure F5. Smear slide summary: composite record from Holes U1461C (0–443.88 m CSF-A), U1461B (443.88–877.64 m CSF-A), and U1461D (877.64–1088.92 m 
CSF-A). L* and natural gamma radiation (NGR): red = Hole U1461B, black = Hole U1461C, blue = Hole U1461D. See Figures F6 and F7 in the Expedition 356 
methods chapter (Gallagher et al., 2017) for lithology, boundary, structure, and diagenesis keys. cps = counts per second.
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Subunit IIb

Intervals: 356-U1461A-7H-1, 0 cm, through 12F-1, 127 cm; 356-
U1461B-5H-4, 25 cm, through 9H-1, 130 cm; 356-
U1461C-5H-1, 0 cm, through 8H-1, 36 cm

Depths: Hole U1461A = 39.50–63.17 m CSF-A (23.67 m thick); 
Hole U1461B = 37.65–61.10 m CSF-A (23.45 m thick); 
Hole U1461C = 36.90–63.86 m CSF-A (26.96 m thick)

Age: Middle Pleistocene

Lithology: unlithified packstone to wackestone in the upper part 
and partially lithified wackestone with peloids in the 
lower part of the subunit

Core quality: slight to moderate drilling disturbance, primarily 
soupiness

Subunit IIb is divided lithologically into an upper Interval IIb1 
and a lower Interval IIb2.
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S.J. Gallagher et al. Site U1461
Interval IIb1

Depths: Hole U1461A = 39.50–57.50 m CSF (18.00 m thick); Hole 
U1461B = 37.65–55.10 m CSF-A (17.45 m thick); Hole 
U1461C = 36.90–57.61 m CSF-A (20.71 m thick)

The upper interval of Subunit IIb consists mainly of unlithified 
greenish-gray packstone that grades into wackestone. Unlike Sub-
unit IIa, glauconite and macrofossils are rare in Interval IIb1, and 
fossils consist of bivalves, gastropods, echinoderms, and scapho-
pods. Small benthic foraminifers are common throughout the inter-
val, and peloids occur briefly in a 4 cm thick discrete peloid-rich 
layer (e.g., interval 356-U1461A-8H-1A, 8–12 cm).

Interval IIb2

Depths: Hole U1461A = 57.50–63.17 m CSF-A (5.67 m thick); Hole 
U1461B = 55.10–61.10 m CSF-A (6.00 m thick); Hole 
U1461C = 57.61–63.86 m CSF-A (6.25 m thick)

The lower interval of Subunit IIb consists of partially lithified 
bioturbated white to cream wackestone with peloids (Figure F7A). 
Macrofossils (including bivalves, gastropods, bryozoans, echino-
derms, scaphopods, and solitary corals) are present but more abun-
dant in Holes U1461B and U1461C than in Hole U1461A. 
Concretions are also common throughout Interval IIb2 in Hole 
U1461C. A highly bioturbated zone (59.99–61.10 m CSF-A) at the 
base of Interval IIb2 in Hole U1461B is associated with a partially 
lithified to cemented, glauconite-rich, dark green wackestone layer 
that contains peloids and coralline algae encrusting a partially lithi-
fied cobble-sized intraclast.

Smear slides
Interval IIb1 has increased glauconitization compared to Sub-

unit IIa, especially within foraminiferal tests. Sand- to coarse silt–
sized grains are mainly bioclastic, with varying abundances of ben-
thic foraminifers and mollusk fragments, and frequent echinoderm 
spines. The sediment is generally coarser than the more clay-sized 
grains of Subunit IIa, and the sand- to coarse silt–sized fraction has 
more quartz and other siliciclastic grains. Detrital and authigenic 
glauconite grains are common sedimentary accessories.

Interval IIb2 is composed primarily of carbonate mud, consist-
ing of clay- to fine silt–sized aragonite needles with minor amounts 
of very fine crystalline calcite and clay minerals. Small (medium silt-
sized to very fine sand-sized) and larger (>500 μm) peloids are com-
mon but decline gradually toward the base. This interval is largely 
unfossiliferous with only minor numbers of benthic foraminifers, 
rare fragments of mollusk shells and echinoid spines, and occa-
sional ascidian spicules. The sediment becomes more fossiliferous 
toward the base of Interval IIb2 with increasing sand-sized shell 
fragments, benthic foraminifers, and echinoderm spine fragments.

Thin sections
Two thin sections from the lower interval of Subunit IIb (Table 

T4; Figure F8A) consist of peloidal packstones with rare bioclasts 
(foraminifer, echinoderm, bivalve, and bryozoan fragments). Peloids 
are abundant, and some are phosphatized or form aggregates. Fine 
grained, mostly enigmatic ooids are another important component, 
although the cores of most ooids are peloids. Fine sand–sized 
quartz grains constitute 2%–5% of the sediment. Porosity is moder-
ate and formed mostly by vugs and rare intraparticle and moldic 
pores.

XRD
The dominant minerals are low-Mg calcite (49%) and aragonite 

(36%) measured in one sample from the upper part of Subunit IIb 

Figure F6. Representative smear slide photomicrographs of each unit. 
A. Unit I: coarse bioclastic sediment with peloids (p) in a clay matrix with 
very fine grained micrite, diverse mollusk shell fragments (m), and benthic 
foraminifers (f ) with accessory echinoid spine fragments (e) and sponge 
spicules (s) (356-U1461A-2F-2, 71 cm). B. Interval IIc1: coarse carbonate mic-
rite with benthic foraminifers (f ), poorly preserved shell fragments (m), and 
rare echinoid spine fragments (e); common accessories glauconite (g), chlor-
ite (c), and quartz (q); and rare accessory euhedral dolomite rhombohedra 
(white arrow) (13H-5, 71 cm). C. Interval IIc2: peloid (p)-rich mudstone with 
foraminifers (f ) as rare fossil accessories (17H-5, 71 cm). D. Unit III: dominant 
planktonic and benthic foraminifers (f ) with well-preserved shell fragments 
(m) and rare echinoderm spines (e) in a micrite and clay mineral–rich matrix, 
with common accessories quartz (q) and glauconitized clasts (g) (356-
U1461B-118X-3, 71 cm). E. Unit III: nannofossil-rich lower interval (356-
U1461D-41R-6, 66 cm); plane-polarized light (PPL). F. Unit IV: large crystalline 
micrite (black arrows) sediment containing heavily cemented and some-
times glauconitized planktonic foraminifers (f ), with silt-sized (<65 μm) 
quartz grains (q) as a rare accessory (60R-3, 120 cm).
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(Table T5). The main noncarbonate minerals are quartz (15%) with 
minor amounts of clay minerals.

Subunit IIc

Intervals: 356-U1461A-12F-1, 127 cm, through 18H-1, 110 cm; 356-
U1461B-9H-1, 130 cm, through 15H-1, 0 cm; 356-
U1461C-8H-1, 36 cm, through 13H-5, 61 cm

Depths: Hole U1461A = 63.17–115.20 m CSF-A (52.03 m thick); 
Hole U1461B = 61.10–116.80 m CSF-A (55.70 m thick); 
Hole U1461C = 63.86–117.29 m CSF-A (53.43 m thick)

Age: Middle Pleistocene
Lithology: unlithified packstone to wackestone in the upper part 

and unlithified mudstone in the lower part of the subunit
Core quality: generally slight drilling disturbance, primarily as soup-

iness and fragmentation; some core sections were de-
stroyed by the core liner being bent during coring opera-
tions

Subunit IIc is divided lithologically into an upper Interval IIc1 
and a lower Interval IIc2.

Interval IIc1

Depths: Hole U1461A = 63.17–96.84 m CSF (33.67 m thick); Hole 
U1461B = 61.10–98.44 m CSF-A (37.34 m thick); Hole 
U1461C = 63.86–94.82 m CSF-A (30.96 m thick)

The top of the upper interval of Subunit IIc forms a transition to 
unlithified dark gray to dark greenish-gray packstone, which then 

grades into unlithified gray to olive-gray wackestone. Glauconite is 
present but decreases in abundance with depth. Small benthic fora-
minifers are common in Hole U1461A but less common in Holes 
U1461B and U1461C. Occasional macrofossil fragments, including 
bivalves, gastropods, scaphopods, and solitary corals, are present 
throughout the interval, and a carbonate concretion is associated 
with a zone of moderate bioturbation near the base (87.78 m CSF-
A) of the interval in Hole U1461B.

Interval IIc2

Depths: Hole U1461A = 96.84–115.20 m CSF-A (19.36 m thick); 
Hole U1461B = 98.44–116.80 m CSF-A (18.36 m thick); 
Hole U1461C = 94.82–117.29 m CSF-A (22.47 m thick)

The lower interval of Subunit IIc is homogeneous and com-
posed of unlithified off-white mudstone. The transition between 
the cream mudstone from Interval IIc2 and olive-green packstone 
of Interval IId1 is characterized by increases in glauconite, biotur-
bation, and cementation (Figure F9). Glauconite is sparse through-
out most of the interval, with occasional small concentrations. 
Bioclasts and bioturbation are also rare.

Smear slides
Interval IIc1 contains bioclast-rich sediment with a marked in-

crease in glauconite grains and heavily glauconitized foraminifers 
near the top of the interval. The main fossils are foraminifers and 
fragments of mollusk shells and echinoderm spines with rarer sili-
ceous and calcareous sponge spicules. Fine crystalline euhedral do-

Figure F7. Examples of (A) Subunits IIb and (B) IIc composed of unlithified cream mudstone with abundant macrofossils and peloids, Site U1461. Inset: exam-
ples of macrofossils (bivalves, gastropods, and echinoderms) and peloid-rich mudstone.

Core U1461B-8F, 55.1-59.73 m CSF-A Core U1461B-13H, 97.8-108.29 m CSF-AA B
IODP Proceedings 15 Volume 356
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lomite occurs as an accessory in the lower part of the interval 
(Figure F6B).

Interval IIc2 has lithologies similar to those in Subunit IIa and 
Interval IIb2 that consist of peloid- and mudclast-rich sediment in a 

fine-grained clay-rich micrite matrix (Figure F6C). Nannofossils are 
rare. Microfossils, particularly benthic foraminifers and fragments 
of mollusks and echinoderms, increase in abundance toward the 
base of the interval. Most fossils are heavily overgrown by calcite. 
Glauconitization is rare. Siliciclastic grains are rare and occur as 
fine silt–sized quartz grains in most samples. Flakes of altered mica 
are common.

Thin sections
Three thin sections from Interval IIc1 (Table T4; Figure F8B) 

consist mainly of packstones with abundant bioclasts (e.g., plank-
tonic and benthic foraminifers and fragments of echinoderms, 
bryozoans, and bivalves). Peloids are the most abundant nonskeletal 
particles, with silt-sized quartz grains, framboidal pyrite, and 
glauconite (<3%) scattered throughout the sections. Some peloids 
have dark coatings (probably manganese). The micritic matrix is at 
an early stage of neomorphism. Porosity is very low and rare inter-
particle pores are partially filled with very fine crystalline sparitic 
calcite.

XRD
Low-Mg calcite (63%) and aragonite (26%) are the dominant 

minerals in one sample from Interval IIc1, with minor amounts of 
quartz (10%) and clay minerals (Table T5). Aragonite (68%) and 
low-Mg calcite (30%) are the dominant minerals in Interval IIc2, 
with minor amounts of quartz (2%).

Subunit IId

Intervals: 356-U1461A-18H-1, 110 cm, through 42F-CC, 21 cm; 
356-U1461B-15H-1, 0 cm, through 41F-1, 31 cm; 356-
U1461C-13H-5, 61 cm, through 41F-1, 13 cm

Depths: Hole U1461A = 115.20–284.71 m CSF-A (169.51 m thick); 
Hole U1461B = 116.80–290.09 m CSF-A (173.29 m thick); 
Hole U1461C = 117.29–292.13 m CSF-A (174.84 m thick)

Age: Middle–early Pleistocene
Lithology: unlithified packstone interbedded with wackestone in the 

upper part and unlithified mudstone in the lower part of 
the subunit

Core quality: slight to severe drilling disturbance, primarily frag-
mentation and biscuits

Subunit IId is divided lithologically into an upper Interval IId1 
and a lower Interval IId2.

Interval IId1

Depths: Hole U1461A = 115.20–275.21 m CSF-A (160.01 m thick); 
Hole U1461B = 116.80–274.90 m CSF-A (158.10 m thick); 
Hole U1461C = 117.29–275.27 m CSF-A (157.98 m thick

The upper interval of Subunit IId consists of unlithified pack-
stone interbedded with and grading into wackestone. Packstone in-
tervals are usually slightly darker (olive-gray to dark gray and green) 
than wackestone intervals (light olive-gray to gray). In Hole 
U1461A, small benthic foraminifers are associated with the transi-
tion to wackestone. Glauconite is present in variable amounts 
throughout the upper part of the interval. Occasional macrofossil 
fragments (including bivalves, gastropods, scaphopods, bryozoans, 
and solitary corals) are more frequent in the upper part of the inter-
val. Carbonate concretions are present throughout but are most 
abundant in the lower part. In Holes U1461B and U1461C, these 
concretions are associated with bioturbation.

Figure F8. Representative thin section photomicrographs. A. Peloidal pack-
stone with rare foraminifers (f ) and a few bryozoan (br) and echinoderm (e) 
fragments; note thin concentric laminae indicating superficial ooids formed 
on peloid cores (arrows) (Interval IIb2; 356-U1461A-11F-3, 22–24 cm); cross-
polarized light (XPL) (pore space appears black). B. Skeletal packstone with 
abundant planktonic and benthic foraminifers (f ) and fragments of echino-
derms (e), bryozoans (br), and bivalves (bi); rare (1%) silt-sized quartz 
(arrows) dispersed throughout the section (Interval IIc1; 13H-1, 24–26 cm); 
XPL. C. Wackestone with sand-sized bivalve (bi) fragments and foraminifers 
(f ) (note large benthic foraminifer Cibicidoides spp. in lower right); moderate 
intraparticle porosity is partially filled with calcite spar cement; frequent 
peloids (arrows) occasionally coated with an opaque mineral; silt-sized 
quartz is scattered throughout the section (~1%) (Interval IId1; 356-U1461C-
36F-5, 0–4 cm); XPL. D. Packstone to grainstone with peloids (arrows) and 
abundant foraminifers (f ); note Cibicidoides (center); fine sand–sized quartz 
is scarce (Interval IId2; 356-U1461A-40F-1, 56–60 cm); XPL. E. Wackestone 
with scarce foraminifers, a single large benthic foraminifer Amphistigena
(center), and rare quartz grains (Interval IIe1; 356-U1461B-50F-1, 17–20 cm). 
F. Wackestone with frequent benthic foraminifers Cibicidoides (c) and Boliv-
ina (b); silt-sized quartz grains are rare (~1%); micrite is partially converted to 
microspar cement (Interval IIf1; 58F-1, 5–9 cm); XPL.
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Interval IId2

Depths: Hole U1461A = 275.21–284.71 m CSF-A (9.50 m thick); 
Hole U1461B = 274.90–290.09 m CSF-A (15.19 m thick); 
Hole U1461C = 275.27–292.13 m CSF-A (16.86 m thick)

The top of the lower interval of Subunit IId consists of unlithi-
fied creamy-gray to off-white mudstone. Bioturbation ranges from 
slight to common, and glauconite is common within infilled bur-
rows. Small benthic foraminifers are present throughout the inter-
val in Hole U1461A, whereas macrofossils (including bivalve, 
gastropod, echinoderm, and scaphopod fragments) occur primarily 
in Hole U1461B. Carbonate concretions are common throughout 
the interval in Hole U1461C.

Smear slides
The upper Interval IId1 transitions gradually from a matrix 

dominated by clay and clay-sized micrite to a fine silt–sized calcite-
micrite matrix. This transition is accompanied by increasing abun-
dances of fossil and siliciclastic grains (especially medium to coarse 
sand–sized quartz). Detrital and authigenic glauconite grains are 
common throughout. Fossils are heavily overgrown by calcite and 
are often partially glauconitized. Nannofossils are common in the 
fine silt to clay fraction. Fine- to medium-grained euhedral dolo-
mite crystals are common in the lower half of Interval IId1 but de-
crease again toward the base of the interval.

Interval IId2 is composed of peloids and clay-sized particles 
with rare microfossils. The sediment is relatively rich in clay miner-

Figure F9. Boundary between Subunit IIc (unlithified cream mudstone) and Subunit IId (olive-green packstone), characterized by common bioturbation (356-
U1461C-13H-5, 40–50 cm), abundant glauconite, macrofossils (13H-5, 60–90 cm), and cementation (13H-5, 90–100 cm). Bioturbation extends from 13H-4 
through the upper 10 cm of 13H-6.

U1461C-13H-5A,
40-60 cm

U1461C-13H-5A,
60-90 cm

U1461C-13H-5A, 
90-100 cm

Interval 117.08-117.68 m CSF-A
Core U1461C-13H
IODP Proceedings 17 Volume 356
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als, whereas peloids are less numerous than in previous sections. 
Fossils, particularly benthic foraminifers, shell fragments, and echi-
noderm spine fragments, increase in abundance toward the base of 
the interval. Microfossils are heavily cemented and overgrown, and 
often indeterminate. Siliciclastic grains are rare throughout the in-
terval, whereas nannofossils are common within the clay to fine silt 
fraction.

Thin sections
Eight thin sections (Table T4; Figure F8C) from Interval IId1 

vary from packstones to wackestones with benthic foraminifers and 
peloids separated by intervals of dolomitic mudstone and wacke-
stone. Large sand-sized bivalve and echinoderm fragments and 
planktonic foraminifers are also present. Small benthic foraminifers 
and rare quartz are present in the mudstones. Micrite is at an early 
stage of neomorphism and conversion to microspar. Isolated euhe-
dral dolomite crystals occur in the micritic matrix, and nodular py-
rite is present within a burrow. The noncarbonate fraction consists 
of scarce quartz grains. Dolomitic wackestones contain ~10%–15% 
foraminiferal skeletal fragments and ~1%–2% quartz. Some isolated 
euhedral dolomite rhombs are replacing the micritic matrix and 
some allochems. Intraparticle, intercrystalline, and vuggy pores cre-
ate an overall moderate to high porosity. This observation is consis-
tent with moderate to high porosities for the respective cores 
determined by moisture and density (MAD) measurements (see 
Physical properties).

Two thin sections near the base of Interval IId2 contain two dif-
ferent microfacies (Table T4). The first section (356-U1461A-40F-
1, 56–60 cm) (Figure F8D) consists of skeletal packstone with a bi-
modal size distribution of peloids. Some peloids have black staining 
(probably manganese). Skeletal fragments are mainly small benthic 
and planktonic foraminifers. The second section (42F-CC, 7–11 
cm) consists of mudstone with rare and unidentifiable skeletal frag-
ments and fine quartz grains.

XRD
Low-Mg calcite (62%) is the dominant mineral in seven samples 

from Interval IId1. Quartz (16%) and aragonite (17%) occur in simi-
lar but lesser proportions. Ca-rich dolomite, celestite, and clay min-
erals are present in several samples. Dominant minerals in two 
samples from Interval IId2 are low-Mg calcite (54%) and aragonite 
(44%), with traces of quartz (1%) and celestite (1%).

Subunit IIe

Intervals: 356-U1461B-41F-1, 31 cm, through 54F-1, 0 cm; 356-
U1461C-41F-1, 13 cm, through 54F-1, 0 cm

Depths: Hole U1461B = 290.09–351.70 m CSF-A (61.61 m thick); 
Hole U1461C = 292.13–353.10 m CSF-A (60.97 m thick)

Age: early Pleistocene
Lithology: unlithified packstone grading into wackestone in the up-

per part and partially lithified mudstone in the lower part 
of the subunit

Core quality: slight to severe drilling disturbance, primarily as frag-
mentation and biscuits

Subunit IIe is divided lithologically into an upper Interval IIe1 
and a lower Interval IIe2.

Interval IIe1

Depths: Hole U1461B = 290.09–337.44 m CSF-A (47.35 m thick); 
Hole U1461C = 292.13–340.50 m CSF-A (48.37 m thick)

The upper interval of Subunit IIe consists of unlithified homo-
geneous dark greenish-gray packstone grading downward into par-
tially lithified homogeneous light olive-gray to greenish-gray 
wackestone. Carbonate concretions, bioturbation, and glauconite 
are common in the upper part of the interval. Fragments of macro-
fossils (bivalves, gastropods, and echinoderms) are rare throughout 
the interval.

Interval IIe2

Depths: Hole U1461B = 337.44–351.70 m CSF-A (14.26 m thick); 
Hole U1461C = 340.50–353.10 m CSF-A (12.6 m thick)

The lower interval of Subunit IIe is partially lithified to unlithi-
fied homogeneous mudstone. It is primarily cream to creamy-gray 
but grades into beige and light brown colors near the base of the 
interval. Small fragments of macrofossils (bivalves, gastropods, and 
pteropods), small benthic foraminifers, and concretions are rare.

Smear slides
Interval IIe1 is rich in coarse (~10–15 μm) micrite with minor 

amounts of fine to medium crystalline calcite sparite. Siliciclastics 
are common to rare accessories, accompanied by rare detrital 
glauconite. Coarse silt– to sand-sized (~60–300 μm) foraminifers 
and mollusk shell fragments, often heavily overgrown by calcite ce-
ment, are present throughout. Echinoid spine fragments and 
sponge spicules are common accessories. Nannofossils are present 
in minor quantities within the fine silt to clay fraction. Finer grains 
increase toward the base of the interval, accompanied by increasing 
abundances of well-preserved microfossils, particularly planktonic 
and benthic foraminifers, and a reduction in coarser calcite micrite 
and sparite. The lowermost part of this interval forms a gradual 
transition to the more micrite- and clay-rich Interval IIe2 and con-
tains rare fine sand–sized peloids.

The top of Interval IIe2 is characterized by a sharp increase in 
fine clay–sized micrite and clay minerals, increasing abundance of 
peloids. Larger (200–350 μm) peloids gradually become more com-
mon with increasing depth. Microfossils and shell fragments are 
less abundant than in Interval IIe1. The dominant fossils are benthic 
foraminifers, with minor amounts of planktonic foraminifers and 
shell fragments. Echinoid spine fragments and ascidian spicules are 
common accessory constituents. Quartz and other siliciclastic 
grains are rare to absent.

Thin sections
One thin section from Interval IIe1 (Table T4; Figure F8E) was 

analyzed and consists of wackestone with skeletal components and 
minor very fine sand–sized quartz grains.

XRD
Low-Mg calcite (63%) is the dominant mineral in one sample 

from the upper Interval IIe1 (Table T5). Quartz (13%) and aragonite 
(14%) occur in similar but lesser proportions. Ca-rich dolomite 
(7%), celestite (4%), and clay minerals are also present.

Subunit IIf

Intervals: 356-U1461B-54F-1, 0 cm, through 75X-CC, 0 cm; 356-
U1461C-54F-1, 0 cm, through 73F-CC, 10 cm; 356-
U1461D-2R-1, 0 cm, through 3R-3, 54 cm

Depths: Hole U1461B = 351.70–466.40 m CSF-A (114.70 m thick); 
Hole U1461C = 353.10–443.88 m CSF-A (90.78 m thick); 
Hole U1461D = 455.00–466.98 m CSF-A (11.98 m thick)
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Age: early Pleistocene
Lithology: unlithified to lithified packstone/wackestone grades into 

partially lithified to lithified packstone/wackestone with 
features characteristic of mass transport

Core quality: moderate to severe drilling disturbance, primarily 
fragmentation, biscuits, and soupiness

Subunit IIf is divided lithologically into an upper Interval IIf1 
and a lower Interval IIf2.

Interval IIf1

Depths: Hole U1461B = 351.70–454.10 m CSF-A (102.4 m thick); 
Hole U1461C = 353.10–443.88 m CSF-A (90.78 m thick)

The upper interval of Subunit IIf consists of dark brown to 
greenish-gray packstone interbedded with light greenish-gray to ol-
ive-gray wackestone in Hole U1461B and olive-gray to dark green-
ish-gray wackestone in Hole U1461C. Lithification increases with 
depth: an unlithified upper part containing frequent carbonate con-
cretions grades into a more lithified lower part. Gastropod frag-
ments and small benthic foraminifers are rare, and bioturbation is 
minimal. In Hole U1461C, the more lithified parts have more 
glauconite than the rest of the interval.

In Hole U1461C, the lithified parts of Cores 64F through 72F 
(400.1–440.84 m CSF-A) contain many soupy intervals, up to tens 
of centimeters thick, with greater concentrations of glauconite and 
coarse sand–sized grains. This interval in Hole U1461C correlates 
in Hole U1461B with Cores 61X through 72X (394.4–456.85 m 
CSF-A): these cores had little recovery and biostratigraphic data in-
dicate mixed ages and reworking (see Biostratigraphy and micro-
paleontology). Except for these soupy and lithified intervals, 
glauconite is rare throughout Interval IIf1.

Interval IIf2

Depths: Hole U1461B = 454.10–466.40 m CSF-A (12.30 m thick); 
Hole U1461D = 455.00–466.98 m CSF-A (11.98 m thick)

The lower interval of Subunit IIf is composed of partially lithi-
fied silt- to fine sand–sized cream to light green wackestone. Slight 
to common bioturbation occurs in the upper part of the interval. 
Only the base of Interval IIf2 was recovered in Hole U1461D, and it 
is primarily composed of lithified cream to light greenish-gray pack-
stone with coarse glauconite grains. Low-angle cross-stratification 
and normal grading are present in the cream packstone section. 
Bioturbation is present in the basal cream sections of both Holes 
U1461B and U1461D, and glauconite occurs as isolated green 
patches and as burrow infilling.

Smear slides
The distinction between upper and lower intervals is less clear 

in Subunit IIf than in previous subunits.
Interval IIf1 consists of coarse-grained micrite and sparite with 

heavily calcite cemented microfossils. Glauconitization is present in 
minor amounts throughout the interval. Coarse silt– to fine sand–
sized quartz grains are common siliciclastic accessory components. 
Fossils are dominated by benthic foraminifers and rare planktonic 
foraminifers with heavy calcite overgrowths and frequent glauco-
nitization. Mollusk fragments are also common, with less abundant 
fragments of echinoderm spines. Siliceous and calcitic sponge spic-
ules and bryozoan fragments are rare. The fine silt and clay frac-

tions contain varying but generally low numbers of calcareous 
nannofossils.

Sediment sizes in Interval IIf2 are bimodal, with coarse silt– to 
fine sand–sized microfossils (mainly benthic foraminifers) and mol-
lusk fragments in a predominantly clay-sized carbonate micrite and 
clay mineral matrix with minor amounts of calcareous nannofossils. 
Echinoid spine fragments, large (~50–150 μm) sparitic calcite 
grains, quartz, and small detrital glauconite grains are common ac-
cessories.

Thin sections
Five thin sections from Interval IIf1 consist of wackestones to 

mudstones (Table T4; Figure F8F). Peloids in the wackestones have 
bimodal size distributions and form ~2%–5% of the sediment. Most 
recognizable skeletal fragments are small foraminifers and echino-
derms (including spines). Foraminiferal chambers are partially filled 
with sparry calcite cement, leading to reduced interparticle poros-
ity. Bioclastic fragments in the mudstone microfacies are probably 
bivalves. Very fine sand–sized quartz grains are rare. Micrite is at an 
early stage of neomorphism and is partially converted to microspar.

Four thin sections from Interval IIf2 (Table T4; Figure F10A) 
consist of wackestone to packstone with ~30%–40% peloids and 
~5%–15% skeletal grains. Skeletal grains include small benthic and 
planktonic foraminifers, echinoderm fragments, ostracods, and 
pteropods. Porosity is limited, and chambers of foraminifers are 
mostly filled with fine crystalline sparitic calcite.

XRD
Low-Mg calcite (82%) is the dominant mineral in one sample 

from Interval IIf1. Other minerals are quartz (9%), aragonite (5%), 
Ca-rich dolomite (4%), and celestite (1%). In one sample from Inter-
val IIf2, aragonite (52%) and low-Mg calcite (45%) are the dominant 
minerals, with minor amounts of quartz (1%), celestite (1%), and do-
lomite (1%).

Unit III
Intervals: 356-U1461B-75X-CC, 0 cm, through 129X-CC, 43 cm; 

356-U1461D-3R-3, 54 cm, through 51R-2, 0 cm
Depths: Hole U1461B = 466.40–877.74 m CSF-A (411.24 m thick); 

Hole U1461D = 466.98–992.88 m CSF-A (525.90 m thick)
Age: early Pleistocene–early Pliocene
Lithology: lithified wackestone with bioturbation, pyrite, and vari-

ous sedimentary features characteristic of gravity flows
Core quality: absent to severe drilling disturbance, primarily bis-

cuits and fragmentation

Unit III is lithified greenish-gray to olive-gray wackestone (Fig-
ure F11). Bioturbation is common throughout the unit, and bur-
rows are often filled with coarse sand. Glauconite varies in 
abundance but is generally rare. Small benthic (and occasionally 
planktonic) foraminifers are common. Macrofossils (mainly bivalve 
and gastropod fragments) are uncommon throughout Unit III.

Sharp to wavy, gradational, and scoured sedimentary contacts 
first appear at ~694.89 m CSF-A in Hole U1461B and ~604.1 m 
CSF-A in Hole U1461D. A variety of sedimentary features, includ-
ing parallel lamination, thin bedding, grading (normal), load casts, 
and slump folds, start at 745.56 m CSF-A in Hole U1461B. Other 
features, such as planar lamination and intraclasts, occur deeper 
than 604.1 m CSF-A in Hole U1461D. Disseminated pyrite and py-
rite nodules become common deeper than 780.11 m CSF-A in Hole 
U1461B and deeper than 768.95 m CSF-A in Hole U1461D.
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Smear slides
Unit III forms a gradual transition from micrite-rich sediment 

with frequent glauconitization toward more clay mineral–rich, finer 
grained sediment containing abundant nannofossils. The increase 

in finer grained sediment is accompanied by a decrease in sparite, 
which becomes rare in the lowermost part of the unit. Peloids and 
glauconitization within larger fossils are present throughout the 
unit but decrease downcore. Quartz and other siliciclastic grains are 
present in low abundances throughout the unit (Figure F6D).

Shell fragments and foraminifers dominate the microfossil as-
semblage in Unit III. Planktonic foraminifers increase toward the 
base of the unit. Echinoid spine fragments and siliceous sponge 
spicules occur only in a few intervals at very low abundances. Cal-
careous nannofossils are a minor component in the upper part of 
the unit then gradually increase in the lower half of the unit from 
~858 to ~900 m CSF-A (Samples 356-U1461D-37R-2, 71 cm, 
through 41R-4, 91 cm). The increase in calcareous nannofossils is 
accompanied by a marked decrease in larger microfossils. From 
~900 m CSF-A to the base of the unit (992.88 m CSF-A), calcareous 
nannofossils are a dominant component of the fossil assemblage 
(Figure F6E). Rare iron-stained sand grains occur toward the bot-
tom of the unit (e.g., Sample 356-U1461D-49R-1, 45 cm).

Thin sections
Thin sections from Unit III alternate between wackestone and 

packstone (Table T4; Figure F10B–F10E). Two samples from the 
upper part of the unit (Samples 356-U1461B-76X-1, 88–91 cm, and 
79X-1, 98–102 cm) are wackestone with small benthic foraminifers 
and fine-grained echinoderm fragments. Foraminiferal chambers 
are filled with sparry calcite cement. Two samples from the middle 
of the unit contain fine sand–sized grains of small benthic and rare 
planktonic foraminifers in moderately bioturbated packstone (Sam-
ples 356-U1461B-82X-2, 18–22 cm, and 356-U1461D-7R-2, 48–52 
cm) (Figure F10B). Angular silt-sized quartz grains are rare. Minor 
biomoldic porosity is partially filled with fine crystalline calcite 
sparitic cement. Four samples from the lower part of the unit con-
sist of wackestone with mainly planktonic foraminifers and <1% silt-
sized quartz (Samples 356-U1461B-91X-1, 19–23 cm, 96X-5, 109–
111 cm, 356-U1461D-23R-5, 55–59 cm, and 24R-1, 38–42 cm). One 
thin section from Unit III is a skeletal grainstone composed of 
mainly planktonic and scarce benthic foraminifers with finely dis-
seminated pyrite and approximately 5% silt-sized quartz (Sample 
356-U1461B-116X-7, 35–38 cm) (Figure F10C).

XRD
Low-Mg calcite (70%) and quartz (19%) are the dominant min-

erals in nine samples from Unit III. Other minerals are Ca-rich do-
lomite (5%), aragonite (4%), and celestite (1%). Clay minerals from 
the illite and kaolinite group are present in nearly every sample.

Unit IV
Interval: 356-U1461D-51R-2, 0 cm, through 61R-CC, 29 cm
Depth: Hole U1461D = 992.88–1088.92 m CSF-A (96.04 m thick)
Age: early Pliocene–late Miocene
Lithology: lithified fine sand–sized packstone with bioturbation
Core quality: slight to moderate drilling disturbance, primarily as 

fragmentation

Unit IV occurs only near the bottom of Hole U1461D and con-
sists of a transition from the lithified greenish-gray to olive-gray 
wackestone (with varying bioturbation, disseminated pyrite, and 
pyrite nodules) of Unit III to lithified light greenish-gray packstone 
with fine sand–sized grains and bioturbation at the base of Unit IV 
in Sections 356-U1461D-60R-1 through 61R-CC (1079.1–1088.92 
m CSF-A). The lithologic transition marking the top of Unit IV is 

Figure F10. Thin section photomicrographs. A. Peloidal packstone with fine 
sand–sized peloids stained with opaque coatings (arrows) (Interval IIf2; 356-
U1461D-3R-1, 58–62 cm). B. Skeletal packstone with abundant benthic and 
planktonic foraminifers (f ) (including Globigerinoides and Cibicidoides) and 
bryozoan (br) and bivalve (bi) fragments; interparticle and intraparticle 
porosity is partially filled with sparitic cement (Unit III; 356-U1461B-82X-2, 
18–22 cm); XPL. C. Skeletal grainstone with abundant planktonic (g) (e.g., 
Globigerinoides) and benthic (c) (Cibicidoides) foraminifers and a triserial 
agglutinated foraminifer (a); interparticle pores filled with clear spar cement 
and intraparticle pores filled with gray micrite (Unit III; 116X-7, 35–38 cm); 
PPL. D. Foraminiferal wackestone to packstone with sharp contact between 
Globigerinoides (g) packstone (top) and wackestone with rare planktonic for-
aminifers (bottom) (Unit III; 356-U1461D-56R-4, 65–67 cm); XPL. E. Finely 
laminated wackestone with curved boundary (arrows) between lower (ben-
thic foraminifer rich) and upper (common planktonic foraminifers) wacke-
stones; note dome-shaped cemented part (lower left) with colorless crystals 
characterized by high relief, poor cleavage, low-angle extinction, and sec-
ond-order light blue interference colors (Unit III; 59R-1, 87–90 cm); XPL. 
F. Foraminiferal wackestone with subhorizontal bedding between fine-
grained (bottom) and coarser grained (top) wackestones; planktonic fora-
minifers (e.g., Globigerinoides) are common (some foraminifer tests are bro-
ken) (Unit I; 60R-4, 44–47 cm).
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first observed in wackestone color variations from greenish gray to 
light greenish gray and by light brown bands (1–3 cm thick) with 
sharp basal and upper contacts. The light brown beds are mainly 
wackestone and are first seen in Section 51R-2 (992.88 m CSF-A). 
The changes in color and texture are accompanied by coarser sand–
sized grains infilling larger burrows, whereas benthic foraminifers 
and disseminated pyrite and nodules become sparse. Numerous 
coarse sand–sized packstone beds appear in Section 52R-4 (1005.55 
m CSF-A) (Figure F12). These beds have sharp subhorizontal basal 
contacts and contain both large and small benthic foraminifers. The 
upper beds are about 3 cm thick and become thinner (1–2 cm) and 
less numerous with increasing depth.

The interval between Sections 55R-1 and 56R-1 (1031.69–
1040.3 m CSF-A) consists of massive lithified cream packstone with 
coarse sand–sized grains and slight bioturbation. Beds of sand-

sized grains, defined by sharp lower contacts, are present from Sec-
tions 56R-3 through 57R-3 (1042.71–1052.55 m CSF-A). These nor-
mally graded planar laminated beds are 3–8 cm thick. Bioturbation 
is slight to moderate, and benthic foraminifers are sparse. From Sec-
tions 57R-CC through 59R-1 (1053.74–1069.4 m), the lithology 
changes from creamy-gray packstone with coarse sand–sized grains 
to light greenish-gray packstone with fine sand–sized grains, ac-
companied by more numerous mudstone beds (2–4 cm thick) with 
sharp subhorizontal contacts and moderate to common biotur-
bation (Zoophycos isp.). The lower part of Unit IV (Sections 60R-1 
through 61R-CC; 1079–1088.73 m CSF-A) is light gray packstone 
with fine sand–sized grains, containing a few intervals of parallel 
laminae and moderate bioturbation. Dissolution of foraminifers has 
produced abundant moldic porosity.

Figure F11. Unit III, composed of lithified wackestone with common bioturbation, small benthic foraminifers, disseminated pyrite, and pyrite nodules (millime-
ter to centimeter scale), Hole U1461D. Unit III is also characterized by alternating olive-gray and light olive-gray intervals (1–2 m thick) and contains mud beds 
with subtle basal and top contacts and intraclasts suggestive of gravity flows (11R-2, 97–103 cm).

U1461D-11R-2, 97-103 cm
606.25-606.35 m CSF-A

Core U1461D-35R, 836.6-846.62 m CSF-A
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Smear slides
Unit IV marks a sharp change from clay mineral– and nanno-

fossil-rich sediment to micrite-rich sediment (Figure F6F). The unit 
is dominated by silt-sized micrite grains, with sand-sized bioclasts 
that are more abundant in the upper part of the unit. Fossils are pri-
marily shell fragments and foraminiferal tests heavily altered by cal-
cite overgrowth. Nannofossils are a minor component in the upper 
part of Unit IV and disappear rapidly with depth. Siliciclastic grains 
and iron sulfides are prominent accessory components in the upper 
part. Clay minerals are nearly absent throughout the unit. The bot-
tom of the unit alternates between more micrite-rich and bioclast-
rich layers containing shell fragments, echinoid spine fragments, 
and planktonic foraminifers. All microfossils are heavily overgrown 
by calcite crystals. Glauconitization and authigenic glauconite 
grains occur as minor accessories throughout the unit.

Thin sections
Eight thin sections from Unit IV mainly comprise interbedded 

foraminiferal packstones and wackestones with occasional thin 
beds of fining-upward packstones above wackestone intervals. The 
fining-upward intervals often have subhorizontal laminations and 
sharp basal contacts between the packstones and wackestones (Fig-
ure F10F).

Biostratigraphy and micropaleontology
Core catcher (CC) samples were processed from Site U1461 at 

20 m resolution through Holes U1461A–U1461D. In Hole U1461C, 
sampling was targeted at the top (mudline and Cores 356-U1461C-
1H through 6H; 0–53.48 m CSF-A) and deeper than ~370 m CSF-A 
(Samples 57F-CC through 73F-CC; 443.88 m CSF-A).

The bottom of Holes U1461A (287.7 m CSF-A) and U1461C 
(443.89 m CSF-A) are of early Pleistocene age (base of Biozone 
NN19, <1.93 Ma). The sediments retrieved from Hole U1461B (a 
total of 129 cores) are of Pliocene–Pleistocene age, with the bottom 
(879.2 m CSF-A) estimated to be older than 4.08 Ma (planktonic 
foraminifers). Hole U1461D was analyzed from 456.36 m CSF-A to 
total depth (1088.92 m CSF-A). The abundance and preservation of 
calcareous nannofossils and planktonic foraminifers drastically de-
creased from Sample 356-U1461D-52R-CC (1008.3 m CSF-A) 
downhole, with possible reworking and an unconformity. The bot-
tom of Hole U1461D was dated as middle to late Miocene (<12.38–
8.79 Ma; nannofossils).

The samples from Holes U1461A–U1461D contain between 5% 
and 91% benthic foraminifers with Cibicides spp. and Cibicidoides
spp. as the most common taxa. Six assemblages can be identified by 
the abundances of Amphistegina lessonii, Hyalinea balthica, and 

Figure F12. Unit IV mudstone and sand-sized grain beds with bioturbation, Hole U1461D. A. Sharp basal contact with bioturbated mud bed above normally 
graded sand bed (91–94 cm). B. Moderately bioturbated mud bed with wavy basal and top contacts (1–3 cm). C. Four mud beds with sharp, wavy, and biotur-
bated contacts (14–28 cm). D. Interbedded sand (1–2 cm thick) and mud (1–3 cm thick) beds. E. Massive homogeneous packstone with coarse sand–sized 
grains, coarse-grained sand beds, and clasts (9–11 cm). F. Coarse-grained sand bed with load cast and flame structures from mud bed below. G. Sand beds, 3–
5 cm thick, within the massive packstone interval. H. Planar laminations within the coarse sand–grained packstone interval. I, J. Zoophycos isp. burrows com-
mon in Unit IV.
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Sahulia barkeri (Assemblage 1); Elphidium spp. (Assemblage 2); 
Neoeponides margaritifer (Assemblage 3); Uvigerina spp. (Assem-
blage 4); Nodosaria spp. and Stilostomella spp. (Assemblage 5); and 
Globocassidulina subglobosa (Assemblage 6). In the samples, 7–63 
species are present. Preservation varied from medium to poor 
throughout the site and was affected by fragmentation and abrasion.

Calcareous nannofossils
A total of 122 smear slides were examined for biostratigraphic 

marker species and common taxa. Calcareous nannofossils recov-
ered at Site U1461 represent a complete stratigraphic succession 
from the early Pliocene to Late Pleistocene (Biozones NN13–NN21; 
Table T6), from the top to 1001.7 m CSF-A (Sample 356-U1461D-
51R-CC). Calcareous nannofossils are few to abundant with moder-
ate to good preservation in samples from the Pliocene–Pleistocene 
sections in Holes U1461A–U1461C but are rare to few with moder-
ate to poor preservation in the lowermost samples of Hole U1461D 
(1008.3–1088.9 m CSF-A) (Table T7).

Pleistocene
Samples 356-U1461A-1F-CC (1.65 m CSF-A) and 356-U1461C-

2H-CC (17.65 m CSF-A) and the mudline from Hole U1461C con-
tain abundant Emiliania huxleyi and are of Late Pleistocene age 
(<0.29 Ma; Biozone NN21) (Figure F13A–F13D). Core catcher 
samples from 8.39 to 115 m CSF-A contain abundant micrometer-
scale aragonite needles and nannofossils with moderate preserva-
tion and signs of overgrowth (Figure F13E–F13G); however, this 
did not prevent the identification of marker species (Figure F14). 
The top of Pseudoemiliania lacunosa, which defines the Biozone 

NN19/NN20 boundary (0.44 Ma), was found at similar depths in 
Holes U1461A–U1461C: 39.36 (Sample 356-U1461A-6H-CC), 
39.94 (Sample 356-U1461B-5H-CC), and 37.06 m CSF-A (Sample 
356-U1461C-4H-CC) (Figure F15A). The species Reticulofenestra 
asanoi (Figure F14E) was identified in Samples 356-U1461A-33F-
CC through 36F-CC (247.14–260.94 m CSF-A) and Samples 356-
U1461B-30F-CC through 34F-CC (244.92–263.71 m CSF-A), con-
straining the ages of these samples to 0.91–1.14 Ma within Biozone 
NN19. The top occurrence of Gephyrocapsa spp. (>5.5 μm; Figure 
F14F) in Sample 356-U1461B-49F-CC (332.16 m CSF-A) indicates 
an age of 1.24 Ma. In addition, the top occurrence of Calcidiscus 
macintyrei (1.6 Ma; Figure F14L–F14M) and the base of medium-
sized Gephyrocapsa spp. (>4 μm, 1.73 Ma; Figure F15B) were found 
in Samples 356-U1461B-92X-CC (605.94 m CSF-A) and 95X-CC 
(631.82 m CSF-A), respectively, and in Samples 356-U1461D-7R-
CC (566.92 m CSF-A) and 7R-CC (611.55 m CSF-A), respectively, 
indicating the basal part of Biozone NN19. The top of Discoaster 
brouweri, recorded in Samples 356-U1461B-100X-CC (677.47 m 
CSF-A) and 356-U1461D-20R-CC (700.8 m CSF-A), represents the 
upper boundary of Biozone NN18 (1.93 Ma; Figure F15B).

The Pleistocene assemblages are characterized by different (size 
defined) morphotypes of Gephyrocapsa spp., P. lacunosa, and Retic-
ulofenestra spp. (Figure F14A–F14F). Small placoliths (<3 μm) are 
common to very abundant in most samples and dominated by small 
Gephyrocapsa between 20 and 540 m CSF-A (Figures F13E–F13F, 
F15A). The larger Gephyrocapsa size groups are rare to common 

Table T6. Calcareous nannofossil (CN) and planktonic foraminifer (PF) datums, Site U1461. Ages are based on Gradstein et al. (2012). Table is based on all core 
catcher samples from all holes, indicating only the highest/lowest depth for each top/base event. Download table in .csv format.

Hole, core, section
Depth 

CSF-A (m) Marker species
Type

(CN/PF) Zone name
Age 
(Ma) Reference

356-
U1461C-2H-CC 17.65 Base E. huxleyi CN NN21 0.29 Gradstein et al., 2012
U1461C-4H-CC 37.06 Top P. lacunosa CN NN19 0.44 Gradstein et al., 2012
U1461B-30F-CC 244.92 Top R. asanoi CN NN19 0.91 Gradstein et al., 2012
U1461B-34F-CC 263.71 Base R. asanoi CN NN19 1.14 Gradstein et al., 2012
U1461B-49F-CC 332.16 Top Gephyrocapsa spp. (>5.5 μm) CN NN19 1.24 Gradstein et al., 2012
U1461B-60X-CC 384.90 Top G. apertura PF PT1a 1.64 Gradstein et al., 2012
U1461D-7R-CC 566.92 Top C. macintyrei CN NN19 1.6 Gradstein et al., 2012
U1461B-95X-CC 631.82 Base medium Gephyrocapsa (>4 μm) CN NN19 1.73 Gradstein et al., 2012
U1461D-17R-CC 665.67 Top G. fistulosus PF PT1a 1.88 Gradstein et al., 2012
U1461B-100X-CC 677.47 Top D. brouweri CN NN18 1.93 Gradstein et al., 2012
U1461D-19R-CC 684.80 Base G. truncatulinoides PF PT1a 1.93 Gradstein et al., 2012
U1461B-102X-CC 694.07 Top G. extremus PF PL6 1.99 Gradstein et al., 2012
U1461B-104X-CC 704.94 Top G. limbata PF PL5 (Indo-Pacific) 2.39 Gradstein et al., 2012
U1461D-22R-CC 713.39 Top D. surculus CN NN16 2.49 Gradstein et al., 2012
U1461B-112X-CC 764.05 Base G. tosaensis PF PL5 3.35 Gradstein et al., 2012
U1461B-115X-CC 785.35 Top D. tamalis CN NN16 2.80 Gradstein et al., 2012
U1461D-29R-CC 788.33 Top D. altispira PF PL4 (Pacific) 3.47 Gradstein et al., 2012
U1461B-118X-CC 810.77 Top P. primalis PF PL3 3.66 Wade et al., 2011
U1461D-33R-CC 817.63 Top S. seminulina PF PL3 (Pacific) 3.59 Gradstein et al., 2012
U1461B-120X-CC 826.27 Top Sphenolithus spp. CN NN16 (basal part) 3.54 Gradstein et al., 2012
U1461B-122X-CC 834.71 Top R. pseudoumbilicus (>7 μm) CN NN15 3.70 Gradstein et al., 2012
U1461B-129X-CC 877.74 Top G. margaritae PF PL2 3.85 Gradstein et al., 2012
U1461B-129X-CC 877.74 Pulleniatina sin > dex PF PL2 4.08 Gradstein et al., 2012
U1461D-41R-CC 904.72 Top A. tricorniculatus CN NN14 3.92 Gradstein et al., 2012
U1461D-43R-CC 918.21 Base common D. brouweri CN NN14 4.12 Gradstein et al., 2012
U1461D-45R-CC 943.16 Top A. primus CN NN13 4.50 Gradstein et al., 2012
U1461D-52R-5 1008.30 Top reworked early–late Miocene CN NN2–NN11 Miocene Dickinson et al., 2001
U1461D-59R-CC 1074.70 Base absence R. pseudoumbilicus CN NN11 8.79 Gradstein et al., 2012
U1461D-61R-CC 1088.90 R. pseudoumbilicus and C. macintyrei CN NN6–NN10 <12.83 Gradstein et al., 2012

Table T7. Calcareous nannofossil abundance and range charts, Site U1461. 
Download table in .csv format.
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Figure F13. (A, H, I) PPL and (B–G) scanning electron microscope (SEM) photomicrographs of calcareous nannofossils from the upper 30 m of Holes U1461A 
and U1461C and deepest cored interval in Hole U1461D. A. Placoliths belonging to Noelaerhabdaceae (8.39 m CSF-A). B–C. Comparison of Gephyrocapsa oce-
anica and Emiliania huxleyi, Holes U1461C (8.39 m CSF-A) and U1461A (1.65 m CSF-A). D. Poorly preserved E. huxleyi specimen (17.65 m CSF-A). E. Matrix of 
micrometer-scale aragonite needles and Gephyrocapsa spp. (27.5 m CSF-A). F. Close-up of small Gephyrocapsa in micrometer-scale aragonite matrix (20.31 m 
CSF-A). G. Signs of overgrowth on Calcidiscus leptoporus (17.65 m CSF-A). H. (Reworked) Triquetrorhabdulus carinatus fragment (1023.8 m CSF-A). I. Reticulofe-
nestra pseudoumbilicus in a matrix of micrite grains (bottom of Hole U1461D, 1088.8 m CSF-A).
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throughout the same interval (Figure F15A). Other common taxa 
include Calcidiscus leptoporus, Umbilicosphaera sibogae, and Heli-
cosphaera spp.

Pliocene
Holes U1461B and U1461D recovered Pliocene strata between 

728.04 m CSF-A (Sample 356-U1461B-106X-CC) and the bottom of 
Hole U1461B (877.74 m CSF-A) and between 713.39 and 1001.7 m 
CSF-A (Sample 356-U1461D-22R-CC and 51R-CC) (Figure F15B). 
The Pliocene/Pleistocene boundary was marked by the top of Dis-
coaster surculus (Biozone NN16, 2.49 Ma; Figure F14Q) at 728 m 
CSF-A (Sample 356-U1461B-108X-CC) in Hole U1461B and 739 m 
CSF-A (Sample 356-U1461D-24R-7, 0–10 cm) in Hole U1461D. 
Discoaster tamalis (Figure F14S) is present in Samples 356-
U1461B-115X-CC (785.35 m CSF-A) and 356-U1461D-33R-CC 
(817.63 m CSF-A), indicating an age >2.8 Ma. The top of Spheno-
lithus spp. (3.54 Ma; Figure F14U) in Biozone NN16 (basal part) is 
placed at 826.27 m CSF-A (Sample 356-U1461B-120X-CC). The 
Biozone NN16/NN15 boundary (3.7 Ma) is defined by the top oc-
currence of Reticulofenestra pseudoumbilicus (Figure F14V) in 
Samples 356-U1461B-122X-CC (834.71 m CSF-A) and 356-
U1461D-34R-CC (836.95 m CSF-A), marking the early/late Plio-
cene boundary. In Hole U1461D, the top occurrence of Spheno-
lithus spp. is found together with the top occurrence of R. 
pseudoumbilicus in Sample 356-U1461D-34R-CC (836.95 m CSF-
A) (Figure F15B). The top occurrence of Amaurolithus tri-
corniculatus (3.92 Ma; Figure F14Z) in Sample 356-U1461D-41R-
CC (904.72 m CSF-A) indicates the top of Biozone NN14. The top 
occurrence of Amaurolithus primus (4.5 Ma; Figure F14AB) in 
Sample 356-U1461D-45R-CC (943.16 CSF-A) marks the upper part 
of Biozone NN13.

The Pliocene nannofossil assemblages are characterized by dif-
ferent (size defined) morphotypes of Reticulofenestra spp. and P. la-
cunosa. Other typical contributors to the assemblage include 
Discoaster spp. (Figure F14N–F14T), Calcidiscus spp., Heli-

cosphaera spp., Pontosphaera spp., and Scyphosphaera spp. (Figure 
F14W–F14X). Common to abundant Sphenolithus spp. and rare 
Amaurolithus spp. (Figure F14Z–F14AC) are characteristic of the 
early Pliocene interval, where calcareous cysts of dinoflagellates 
(calcispheres) are also common (Figure F14AD).

Late Miocene–early Pliocene
The contact between the early Pliocene and late Miocene is dif-

ficult to place. From Sample 356-U1461D-52R-5A, 137 cm (1008.3 
m CSF-A), to the bottom of Hole U1461D, the nannofossil assem-
blages contain common middle Miocene to early Pliocene markers, 
including C. macintyrei, Sphenolithus spp., and R. pseudoumbilicus
(Figure F14), mixed with (fragments of) Paleogene to early Miocene 
taxa, including Triquetrorhabdulus carinatus (Figure F13H; range 
Paleogene–Biozone NN2), Triquetrorhabdulus milowii (range Bio-
zone NN1–NN6), and Zygrhablithus bijugatus (range Paleogene–
Biozone NN1; Young, 1998). A distinct decrease in overall abun-
dance (few to rare) and degree of preservation (moderate to poor) 
characterizes this interval. The marker species C. macintyrei, which 
has its base within Biozone NN6 at 13.36 Ma, is present until the 
bottom sample (356-U1461D-61R-CC) at 1088.9 m CSF-A. R. 
pseudoumbilicus is absent in Samples 356-U1461D-52R-5, 137 cm, 
through 59R-CC (1008.3–1074.7 m CSF-A) but is present in Sam-
ples 60R-CC and 61R-CC, suggesting an age of 8.79 Ma for Sample 
59R-CC (base absence of R. pseudoumbilicus, within Biozone 
NN10; Gradstein et al., 2012) and a maximum age of middle Mio-
cene (<12.83 Ma, base of R. pseudoumbilicus within Biozone NN6; 
Gradstein et al., 2012) for the bottom of Hole U1461D.

The nannofossil observations are consistent with an interval of 
reworking of Paleogene–early Miocene sediments during the mid-
dle Miocene to earliest Pliocene, possibly representing an unconfor-
mity (Figure F15B). This may relate to a period of late Miocene 
tectonic deformation, similar to that in the southeast Australian ba-
sins where a regional unconformity exists around the Miocene/Plio-
cene boundary (Dickinson et al., 2001, 2002).
IODP Proceedings 24 Volume 356



S.J. Gallagher et al. Site U1461
Figure F14. PPL photomicrographs of calcareous nannofossils, Site U1461. A. Gephyrocapsa oceanica. B. Gephyrocapsa caribbeanica. C. Gephyrocapsa omega. 
D. Pseudoemiliania lacunosa. E. Reticulofenestra asanoi. F. Gephyrocapsa spp. (>5.5 μm). G. Helicosphaera sellii. H. Helicosphaera carteri. I, J. Braarudosphaera bige-
lowii. K. Pontosphaera discopora. L, M. Calcidiscus macintyrei. N. Discoaster brouweri. O. Discoaster triradiatus. P. Discoaster pentaradiatus. Q. Discoaster surculus. 
R. Discoaster asymmetricus. S. Discoaster tamalis. T. Discoaster variabilis. U. Sphenolithus abies. V. Reticulofenestra pseudoumbilicus. W. Scyphosphaera apsteinii. 
X. Pontosphaera sp. Y. Ceratolithus cristatus. Z. Amaurolithus tricorniculatus. AA. Amaurolithus delicatus. AB. Amaurolithus primus. AC. Ceratolithus larrymayeri. 
AD. Calcispheres (cysts of calcareous dinoflagellates; e.g., Young 1998).
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Planktonic foraminifers
Planktonic foraminifers recovered at Site U1461 constrain the 

stratigraphic succession from the late Miocene to recent (Table T6). 
The fauna at Site U1461 are more diverse than at Sites U1458–
U1460, possibly due to improved cleaning methods (see Biostratig-
raphy and micropaleontology in the Expedition 356 methods 

chapter [Gallagher et al., 2017]). The fauna are also of a more tropi-
cal character, including species such as Globigerina siphonifera, 
Globigerinoides ruber (white), Pulleniatina obliquiloculata, and Or-
bulina universa (Saito et al., 1981) (Tables T8, T9, T10; Figure F16). 
This is also confirmed by the mudline sample from Hole U1461A (0 
m CSF-A), which contained rose bengal–stained specimens of P. 
obliquiloculata and O. universa.

Figure F15. Depth ranges of calcareous nannofossil age markers. Nannofossil preservation: poor (P) to very good (VG). Nannofossil abundance: few (F) to abun-
dant (A). See Biostratigraphy and micropaleontology in the Expedition 356 methods chapter (Gallagher et al., 2017) for preservation and abundance defini-
tions. A. Early to Late Pleistocene, as recorded between Holes U1461A, U1461B, and U1461C (upper 540 m CSF-A shown for Hole U1461B). Green bars = age-
depth tie points and good correlation between holes. (Continued on next page.)
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Preservation varied from poor to very good and was, in general, 
good in the upper 40 m of Hole U1461A (Samples 356-U1461A-1F-
CC through 6F-CC). Poor preservation was observed near hard-
grounds and/or intervals with abundant peloids (e.g., Sample 8H-
CC [54.33 m CSF-A]; see Other bioclasts and Lithostratigraphy). 
Poor preservation occurred in most of the Pleistocene strata from 
~50 to ~450 m CSF-A (Tables T8, T10). Moderate to good preser-
vation was recorded for the Pliocene sections of Holes U1461B and 
U1461D (~675–950 m CSF-A). The abundance plot of planktonic 
foraminifers reflects these changes and shows that planktonic fora-
minifers are most abundant in the Pliocene section (Tables T9, T10; 
Figures F16, F17). The overall diversity varied from 2 to 18 species 
per sample with the highest diversity in samples deeper than 562.43 

m CSF-A (Sample 356-U1461B-87X-CC), which contained up to 
90% planktonic taxa relative to benthic taxa.

The Pleistocene marker species Globorotalia tosaensis (top at 
0.61 Ma) and Globorotalia truncatulinoides (base of Biozone Pt1a, 
1.93 Ma) co-occur in Sample 356-U1461B-64X-CC (415.09 m CSF-
A), giving an apparent base for G. truncatulinoides. The very rare 
occurrence of these two species in shallower intervals is probably 
due to their habitat depth. Extant G. truncatulinoides commonly 
needs water depths of 500–1000 m to complete its life cycle. The 
close relationship of the extinct G. tosaensis with G. truncatulinoi-
des suggests similar conditions (Hemleben et al., 1989). So, because 
of the shallow modern water depths of the core sites, it is likely that 
the conditions were not sufficiently deep for their presence for most 

Figure F15 (continued). B. Early Pliocene to early Pleistocene, as recorded between Holes U1461B and U1461D between 600 and 1030 m CSF-A. Green bars = 
correlation between holes. The highest/lowest depth for each top/base event and its age is reported in Table T6.
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of the Pleistocene. In Sample 356-U1461B-100X-CC (677.47 m 
CSF-A), both species are present again, indicating the true base of 
G. truncatulinoides. These two occurrences of G. truncatulinoides
are likely related to the reworked interval between ~400 and 600 m 
CSF-A (see Lithostratigraphy) and may actually represent the 
same stratigraphic level.

Early Pleistocene Biozones PL6 (top at 1.99 Ma) and PL5 (top at 
2.39 Ma) are marked by the top of Globigerinoides extremus (Sam-
ple 356-U1461B-102X-CC; 694.07 m CSF-A) and top of Globo-
rotalia limbata (Sample 356-U1461B-104X-CC; 704.94 m CSF-A) 
(Figure F18).

The generally good preservation of the Pliocene interval, start-
ing at ~700 m CSF-A (Samples 356-U1461B-106X-CC and 356-
U1461D-22R-CC), allowed the identification of several biozone 
markers, including Dentoglobigerina altispira, Pulleniatina prima-
lis, Sphaeroidinellopsis seminulina, and Globorotalia margaritae
defining Biozones PL4–PL2 (3.35–4.2 Ma; Tables T8, T9; Figures 

F18, F19). The base of G. tosaensis (3.35 Ma) appears to overlap 
with the top of D. altispira (3.47 Ma) (Figure F18). This top is based 
on the equatorial Pacific, whereas for the South Atlantic a top of 
3.13 Ma was determined (Shackleton et al., 1995; Chaisson and 
Pearson, 1997), suggesting a possible later top for D. altispira off the 
west coast of Australia. The change in coiling direction of Pullenia-
tina spp. from sinistral to dextral at the base of Hole U1461B in 
Sample 356-U1461B-129X-CC (879.2 m CSF-A) suggests an ap-
proximated early Pliocene age of 4.08 Ma (Gradstein et al., 2012) 
(Table T6; Figures F18, F19). Figure F18 shows a comparison for 
the different biozone markers in Holes U1461B and U1461D (see 
also Table T10). Each of these markers was present in both holes at 
similar depths (Figure F18). However, the change in coiling direc-
tion of P. primalis was not encountered in Hole U1461D, possibly 
due to an artifact of preservation. No specific age markers were 
found deeper than 900 m CSF-A, coinciding with decreasing quality 
of preservation. Identifiable planktonic foraminifers were absent 
beyond Sample 356-U1461D-51R-CC (1001.6 m CSF-A) with the 
exception of Core 356-U1461D-59R, which contained very rare 
planktonic foraminifers, suggesting an age no older than late Mio-
cene (base of G. extremus, 8.93 Ma).

Table T8. Occurrence of main genera and species of benthic and planktonic foraminifers and additional bioclasts and minerals, Site U1461. Preservation: VG = 
very good. Paleodepth estimates are based on calculations from van Hinsbergen et al. (2005). Bathymetric zones: P = photic zone. Abundance: D = dominant, 
A = abundant, P = present, F = few. (Only a portion of this table appears here. The complete table is available in .csv format.)
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356-U1461A-
1F-1 

RAST
Mudline VG 40 60 370 57 P Discorbia spp., Textularia 

spp., Lagena spp., 
Quinqueloculina spp., 
Sahulia barkeri, 
Spiroloculina sp. 1, 
Textularia agglutinans, 
Triloculina spp.

8 G. siphonifera, G. ruber, G. 
sacculifer, G. menardii, N. 
dutertrei, O. universa

X X Rich in bioclasts, with 
ostracods (A), 
pteropods (D), 
spicules (P), 
bryozoans (P), 
peloids (P), bivalves, 
rose bengal-stained 
pteropods, P. obliq., 
and O. univ.

1F-CC 1.55 1.65 VG 40 60 370 63 P Hyalinea baltica, Sahulia 
barkeri, Textularia spp., 
Amphistegina lessonii, 
Operculina venosa, 
Sagrinella jugosa, 
Spriotextularia tubulosa, 
Textularia agglutinans, 
Triloculina spp.

12 G. ruber, G. sacculifer, G. 
menardii, G. siphonifera, 
N. dutertrei, G. bulloides, 
G. crassaformis, G. 
rubescens

X X X Ostracods (F), 
pteropods (F)

4F-CC 20.21 20.31 VG 87 13 52 46 P A. lessonii, Textularia spp., 
Cymbaloporetta sp. 1, 
Discorbinella spp., 
Ehrenbergina spp., 
Elphidium excavatum, O. 
venosa, Peneroplis spp., 
Planispirinella spp., 
Quinqueloculina spp., S. 
berkeri, Triloculina spp.

10 G. ruber, G. sacculifer, G. 
siphonifera, G. 
conglobatus, G. obliquus, 
G. crassaformis, G. 
ungulata, N. dutertrei

X

Table T9. Planktonic foraminifer presence, abundance, and preservation at 
Site U1461, including characteristic mineral and other bioclast occurrences. 
Download table in .csv format.
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Benthic foraminifers
A total of 16 core catcher samples were investigated from Hole 

U1461A, 36 from Hole U1461B, 8 from Hole U1461C, and 16 from 
Hole U1461D. Overall, the number of species present per sample 
ranged from 7 (Sample 356-U1461A-36F-CC; 260.92 m CSF-A) to 
63 (Sample 1F-CC; 1.65 m CSF-A). The benthic foraminiferal per-
centage varied from 5% (Sample 356-U1461B-128-X-CC; 874.53 m 
CSF-A) to 91% (Sample 356-U1461C-64F-CC; 403.94 m CSF-A) 
(Tables T8, T11).

Preservation in the uppermost 114 m of Hole U1461A ranged 
from very good to moderate. Benthic foraminifers in the remainder 
of Hole U1461A (to 279.59 m CSF-A) had poor preservation. In 
Holes U1461B–U1461D, the majority of the samples showed poor 
foraminiferal preservation, although there were exceptions with 
moderate and even good preservation (Table T8). Preservation was 
affected by abrasion and fragmentation (breakage), as well as occa-

sional cementation (coating in secondary crystals) with glauconite 
and pyrite. Secondary crystal coating was partially removed by ul-
trasonication.

Site U1461 samples largely contain the same species, but the 
abundance of dominant species fluctuated between several inter-
vals. Cibicides spp. and Cibicidoides spp. are almost always present 
throughout, but six foraminiferal assemblages are found downcore. 
Except for Samples 356-U1461B-60X-CC (384.9 m CSF-A) and 356-
U1461C-64X-CC (403.94 m CSF-A), all assemblages overlapped 
without clear boundaries, largely because these assemblages are 
based on the same collection of species with selected species be-
coming very dominant (Table T11). Samples 356-U1461B-60X-CC 
(384.9 m CSF-A) and 356-U1461C-64X-CC (403.94 m CSF-A) con-
tained Assemblage 3, marked by sharp contacts, and are considered 
transported material. This is due to the assemblage’s dominant spe-
cies not reflecting the anticipated marine setting (inner shelf/mid-
dle shelf ) for that location/time and the fact that Assemblage 3 is 
bounded by Assemblage 2 both above and below in the core.

The first benthic foraminiferal assemblage is found in Hole 
U1461A, from Samples 356-U1461A-1F-CC (1.65 m CSF-A) and 
4F-CC through 12F-CC (20.31–66.42 m CSF-A). This assemblage 
contains a range of shallow-water (0–50 m) warm to temperate spe-
cies typically found on the inner shelf and photic zone. With be-
tween 46 and 63 species and very good preservation, the assemblage 
is dominated by epifaunal taxa and large benthic foraminifers 
(LBFs), including A. lessonii and smaller benthic foraminifers such 
as Textularia spp., Elphidium excavatum, Cymbaloporetta spp., Tri-
loculina spp., Quinqueloculina spp., and S. barkeri (Figure F20).

The second assemblage is present in Holes U1461A–U1461C 
from Samples 356-U1461A-19H-CC (134.21 m CSF-A) through 
356-U1461C-73F-CC (443.88 m CSF-A) (Figure F20). This assem-
blage has 7–34 species per sample with moderate to poor preserva-
tion and is dominated by an abundance of slightly deeper inner shelf 
taxa. This change in dominance occurs because there is no longer a 
dominance of LBF species and therefore the site location is likely 
below the photic zone. Species of Cibicides spp. and Cibicidoides

Table T10. Planktonic foraminifer abundance, Site U1461. 0 = barren, 1 = very rare, 2 = rare, 3 = few, 4 = common, 5 = abundant (see Biostratigraphy and 
micropaleontology in the Expedition 356 methods chapter [Gallagher et al., 2017] for definitions). Download table in .csv format.

Core, 
section

Depth 
CSF-A (m) Abundance

356-U1461A-
1F-CC 1.55 5
4H-CC 20.21 5
6H-CC 39.26 4
8H-CC 54.23 2
12F-CC 66.32 2
15H-CC 95.47 3
17H-CC 114.85 5
23H-CC 169.18 4
32F-CC 242.24 3
36F-CC 260.82 2
40F-CC 279.49 1

356-U1461B-
40X-CC 291.86 2
43F-CC 304.82 1
60X-CC 384.80 2
64X-CC 414.99 2
69X-CC 437.60 3
73X-CC 461.02 3
78X-CC 485.07 3
80X-CC 500.09 2

83X-CC 521.92 2
85X-CC 543.06 3
87X-CC 562.33 3
89X-CC 574.11 3
91X-CC 591.38 3
93X-CC 615.18 3
95X-CC 631.72 2
97X-CC 656.59 3
100X-CC 677.37 5
102X-CC 693.97 4
104X-CC 704.84 4
106X-CC 717.27 5
108X-CC 727.94 5
110X-CC 745.68 5
112X-CC 763.95 4
114X-CC 772.09 3
116X-CC 794.72 3
118X-CC 810.67 5
120X-CC 826.17 5
122X-CC 834.71 5
124X-CC 851.10 4
126X-CC 864.35 4

Core, 
section

Depth 
CSF-A (m) Abundance

128X-CC 874.53 5
129X-CC 877.74 5

356-U1461C-
59F-CC 381.54 2
60F-CC 386.18 1
62F-CC 395.65 3
64F-CC 403.84 1
66F-CC 412.90 1
69F-CC 426.61 1
73F-CC 443.78 2

356-U1461D-
2R-CC 456.36 1
5R-CC 510.38 2
7R-CC 566.92 3
9R-CC 585.74 2
11R-CC 611.55 3
13R-7 632.91 3
15R-CC 652.58 2
17R-CC 665.67 5
19R-CC 684.80 3
20R-7 700.60 5

Core, 
section

Depth 
CSF-A (m) Abundance

22R-CC 713.39 3
24R-7 740.17 3
27R-CC 767.02 4
29R-CC 788.33 4
31R-3 802.02 3
33R-CC 817.63 4
35R-CC 846.56 3
37R-CC 865.46 5
39R-CC 883.86 3
41R-CC 904.72 4
43R-CC 918.21 4
45R-CC 943.15 4
47R-CC 953.23 3
49R-CC 980.46 3
53R-CC 1012.70 1
55R-CC 1031.90 1
57R-CC 1054.27 1
59R-CC 1074.71 2
60R-CC 1084.64 1
61R-CC 1088.92 1

Core, 
section

Depth 
CSF-A (m) Abundance

Figure F16. Planktonic foraminifer abundance, Site U1461. 0 = barren, 1 = 
very rare, 2 = rare, 3 = few, 4 = common, 5 = abundant (see Biostratigraphy 
and micropaleontology in the Expedition 356 methods chapter [Gallagher 
et al., 2017] for definitions).
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S.J. Gallagher et al. Site U1461
spp. are common, and a minor fraction of this assemblage com-
prises shallow-water species of Amphistegina and Elphidium. In 
particular, A. lessonii, E. excavatum, and Elphidium macellum are 
found, but their tests are smaller than the test size of these species in 
Assemblage 1.

Assemblage 3 is only present in Samples 356-U1461B-60X-CC 
(384.9 m CSF-A) and 356-U1461C-64F-CC (403.94 m CSF-A) and 
is marked by low species diversity (only 8–10 species), abundant 
peloids, and better preservation (moderate) than horizons both di-
rectly above and below it. It is dominated by the large Indo-Pacific 
middle to outer shelf epifaunal species N. margaritifer (Gallagher et 
al., 2009). Other large epifaunal middle shelf species, such as El-
phidium craticulatum, Pseudorotalia schroeteriana, and Lenticu-

lina spp., are also abundant (Figure F20; Table T8). Some benthic 
species of this assemblage dwell in the photic zone at water depths 
shallower than 60 m; however, other taxa have ranges that extend to 
middle and outer shelf paleowater depths. This assemblage is un-
usual in that, unlike all other assemblages found at this site, there is 
no transition zone between this assemblage and others. It is present 
only in these two samples and bounded by Assemblage 2 in hori-
zons both directly above and beneath it.

Assemblage 4 is present from Sample 356-U1461B-78X-CC 
through 97X-CC (485.17–656.64 m CSF-A) and reappears at over-
lapping depths in Hole U1461D (Samples 356-U1461D-2R-CC 
through 7R-CC; 456.36–566.92 m CSF-A) (Figure F20; Table T8). 
With 8–17 species per sample it has moderate to poor preservation 

Figure F17. SEM photomicrographs of typical preservation states of planktonic foraminifers, Site U1461. The depicted species is Globigerinoides sacculifer (or 
closely related to G. sacculifer). Samples deeper than 400 m CSF-A were ultrasonicated to remove secondary crystals. Depths are in CSF-A. Inset shows a magni-
fication of a diagenetic overprint of inorganic calcite on the foraminiferal test.

356-U1461A-1F-CC

356-U1461A-6F-CC

356-U1461A-15F-CC

356-U1461A-32F-CC

356-U1461B-73X-CC

Very good - 1.55 m

Good - 39.26 m

Moderate - 95.47 m

Poor - 242.24 m

Poor - 461.02 m

356-U1461B-78X-CC Poor - 485.07 m

356-U1461B-100X-CC

356-U1461B-118X-CC

356-U1461B-122X-CC

356-U1461B-128X-CC

Good - 677.37 m

Good - 810.67 m

Poor - 834.61 m

Moderate - 874.48 m

356-U1461D-47R-CC Moderate - 953.19 m

356-U1461D-60R-CC Very poor - 1084.54 m

x250  300 µm x180  500 µm x200  500 µm x180  500 µm

x180  500 µmx150  500 µmx180  500 µmx200  500 µm

x250  300 µm x250  300 µm x200  500 µm x250  300 µm

x250  300 µmx250  300 µmx300  300 µmx250  300 µm

x180  500 µm x300  300 µm x250  300 µm x300  300 µm

x500  200 µmx200  500 µmx200  500 µmx150  500 µm
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Figure F18. Range of occurrence of planktonic foraminiferal marker species for the early Pleistocene–Pliocene interval, Holes U1461B and U1461D. Ages are 
based on published values (Table T6) (Gradstein et al., 2012).
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and is dominated by epifaunal rotalids such as Cibicides spp. and 
Cibicidoides spp. Common secondary components of this assem-
blage are infaunal buliminids and uvigerinids, particularly Uviger-
ina peregrina and Bulimina marginata. These species typify middle 
to outer shelf bathymetry, slightly deeper waters than Assemblages 
1 and 2, and high nutrient conditions at the sediment/water inter-
face.

Assemblage 5 is present in Hole U1461B from Samples 356-
U1461B-102X-CC through 129X-CC (694.07–877.74 m CSF-A) and 
in Hole U1461D (Sample 356-U1461D-37R-CC; 865.46 m CSF-A) 
and has between 10 and 28 species per sample. With good to poor 
preservation, it is identified by an increase in abundance of Siphon-
ina tubulosa and the uniserial genera Nodosaria and Stilostomella
(Figure F20; Table T8). Cibicidoides spp. and uvigerinids are also 
IODP Proceedings 31 Volume 356
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Figure F19. SEM photomicrographs of planktonic foraminiferal age markers, Holes U1461A and U1461B. 1a, 1b. Globorotalia tosaensis. 2a, 2b. Globorotalia trun-
catulinoides. 3a, 3b. Dentoglobigerina altispira. 4a, 4b. Globorotalia limbata. 5a, 5b. Sphaeroidinellopsis seminulina. 6a, 6b. Pulleniatina primalis. 7a, 7b. Globo-
rotalia margaritae. Depths are in CSF-A.

356-U1461B-100X-CC, 677.7 m 356-U1461B-100X-CC, 677.7 m356-U1461A-40X-CC,  291.9 m356-U1461B-64X-CC, 415 m

356-U1461B-118X-CC, 810.7 m

356-U1461B-129X-CC, 877.7 m 356-U1461B-122X-CC, 834.7 m356-U1461B-106X-CC, 718.2 m

356-U1461B-118X-CC, 810.7 m

356-U1461B-106X-CC, 718.2 m

1a 1b 2a 2b

3a 3b

4b 5a4a 5b

7a6b 7b6a

356-U1461B-118X-CC, 810.7 m

356-U1461B-129X-CC, 877.7 m 356-U1461B-129X-CC, 877.7 m 356-U1461B-129X-CC, 877.7 m

x250  300 µm x200  500 µm x250  300 µm x300  300 µm

x150  500 µmx200  500 µmx180  500 µmx150  500 µm

x250  300 µm x250  300 µm

x250  300 µm x250  300 µm x300  300 µm x200  500 µm

Table T11. Benthic foraminifer abundance, Site U1461. Download table in 
.csv format.

consistently abundant throughout this section. Occasional occur-
rences of Karreriella spp. in this assemblage indicate water depths 
>750 m (van Hinsbergen et al., 2005), yet dominant species in this 
assemblage indicate a bathymetric setting ranging from the middle 
shelf through to the outer shelf and upper bathyal.

Assemblage 6 is only found in the lowest part of Hole U1461D 
from Sample 356-U1461D-39R-CC (883.86 m CSF-A) to the deep-
est core catcher recovered (Sample 61R-CC; 1088.92 m CSF-A) 
(Figure F20; Table T8). Preservation is good to poor and there are 
between 8 and 20 species per sample. The most abundant species 
are G. subglobosa, Cibicidoides spp., Heterolepa bradyi, Cibicides 
wuellerstorfi, and Bolivina robusta, indicating an outer shelf to up-
per bathyal setting, the deepest bathymetric setting at this site.

Overall paleodepth estimates, based on the planktonic/benthic 
foraminifer ratio, range between 52 (Sample 356-U1461A-4F-CC; 
20.31 m CSF-A) and 1588 m (Core 128X; 874.53 m CSF-A) (Table 

T8). Paleodepth estimates increase downcore from inner shelf to 
bathyal (Figure F20).

Investigated benthic foraminifer percentage and diversity are 
combined for all holes at Site U1461 and illustrated in Figure F21.

Other bioclasts
Pteropods and ostracods were present in numerous samples 

throughout Holes U1461A and U1461B. The mudline from Core 
356-U1461A-1F (0 m CSF-A) was rich in bioclasts with ostracods, 
pteropods (few retained rose bengal stain), spicules, bryozoans, 
peloids, and bivalves. Sample 356-U1461B-73X-CC (461.12 m CSF-
A) had numerous exceptionally well preserved pteropods. Ostra-
cods indicated a change in paleoenvironment from sublittoral 
(Sample 356-U1461A-4H-CC; 20.31 m CSF-A) to enclosed bay 
(Sample 17H-CC; 114.95 m CSF-A). Peloids were found in both 
Holes U1461A (Sample 8H-CC; 54.3 m CSF-A) and U1461B (Sam-
ple 7H-CC; 55.0 m CSF-A). Fish teeth also occurred in some sam-
ples (e.g., Samples 356-U1461A-1F-CC [1.65 m CSF-A], 4H-CC 
[20.31 m CSF-A], and 356-U1461B-108X-CC [728.04 m CSF-A]).
IODP Proceedings 32 Volume 356
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Geochemistry
At Site U1461, 140 samples were analyzed for headspace gas 

content and 38 samples (5–15 cm whole rounds) for interstitial wa-
ter (IW) and bulk sediment geochemistry (total organic carbon 
[TOC], carbonate, and total nitrogen [TN]). No IW samples were 
collected in Holes U1461C and U1461D, as Hole U1461C recovered 
a section previously sampled in Holes U1461A and U1461B and the 
lithology at the bottom of Hole U1461B (879.2 m CSF-A) yielded 
insufficient amounts of pore water. Thus, “bottom” in this geochem-

istry section refers to the base of Hole U1461B. Site U1461 is char-
acterized by the highest headspace gas concentrations, highest 
alkalinity, and highest ammonium concentrations of all Expedition 
356 sites. It is also notable that deeper than ~460 m CSF-A, the sed-
iments smelled strongly of petroleum and hydrogen sulfide; it ap-
pears that headspace gases in this interval partially derive from 
thermogenic sources. Elevated salinity also characterizes the site, 
with a maximum value of 137 noted at 870 m CSF-A. Downhole in-
creases in alkalinity, pH, and ammonium, along with decreasing 
concentrations of sulfate in the upper 100 m CSF-A, indicate the 
presence of a sulfate reduction zone. Site U1461 is also character-
ized by high calcium carbonate (mean = ~80 wt%) and generally low 
TOC (mean = 0.9 wt%) and TN (mean = 0.04 wt%).

Headspace gases
Headspace gas analysis for routine safety monitoring revealed 

the presence of methane, ethane, and propane. Methane was de-
tected in all 140 samples with concentrations ranging from 1.6 to 
39,440 parts per million by volume (ppmv) (Figure F22; Table T12). 
Ethane is absent in the uppermost portion of the hole but is present 
from 47 m CSF-A to the bottom of Hole U1461B at concentrations 
ranging from 0 to 45.5 ppmv. Propane was detected in 48 samples 
(mostly from 460 to 760 m CSF-A) at concentrations ranging from 
1.6 to 85.5 ppmv. Overall, Site U1461 is characterized by elevated 
hydrocarbon concentrations in two intervals: 50–175 and 460–760 
m CSF-A (Figure F22).

Figure F20. Optical and SEM photomicrographs of dominant benthic foraminiferal species and trends at Site U1461 with paleodepth based on planktonic/ben-
thic ratio (%P) and bathymetric zone interpretation. Assemblage bathymetric zones were smoothed to generate a synthesis, resulting in slight differences from 
hole summary data. For raw bathymetric zonation see Table T8. This figure is available in an oversized format.
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The ratio of methane to ethane plus propane [C1/(C2 + C3)] can 
be used to distinguish hydrocarbons of biogenic and thermogenic 
origin (O’Brien and Heggie, 1989). A ratio >1000 is considered to 
reflect biogenic hydrocarbons, whereas a ratio <50 is solely thermo-
genic; intermediate values represent a mixed origin (O’Brien and 
Heggie, 1989). Site U1461 can be divided into two major units based 
on this classification. The interval from approximately 60 to 460 m 
CSF-A is characterized by ratios >1000, thus suggesting biogenic 
methane (Figure F22). At approximately 460 to 1085 m CSF-A, 
lower C1/(C2 + C3) values suggest thermogenic or mixed hydrocar-
bon sources. In the lower unit, we often observed additional late-
eluting higher molecular weight hydrocarbons (e.g., C4 or longer 
chain-lengths), and sediments in this interval smelled of petroleum. 
Therefore, it is suspected that sediments from Site U1461 deeper 
than 460 m CSF-A may not be suitable for some types of organic 
geochemical paleoenvironmental reconstructions.

Interstitial water geochemistry
Salinity is 35 at the surface and gradually increases with depth, 

reaching an unusually high value of 137 at 870 m CSF-A (Figure 
F23). The alkalinity of interstitial waters increases rapidly from the 
surface to a maximum value of 29.1 mM at 81 m CSF-A and subse-
quently decreases to values <3 mM deeper than 455 m CSF-A. The 
alkalinity maximum is associated with the sulfate reduction zone. 
pH displays a similar pattern to alkalinity.

Bromide, chloride, and sodium concentrations increase with in-
creasing depth (Figures F23, F24). Calcium concentrations are gen-
erally low until 236 m CSF-A and then gradually increase toward 
the base of the hole (Figure F24). Sulfate concentrations display a 
significant decrease from 29 to 2.5 mM in the upper 52 m, then re-
main constant until 454.7 m CSF-A, and gradually increase to a 
maximum of 22 mM at the bottom of the hole. Magnesium exhibits 
a similar trend to sulfate with decreasing concentrations from the 

surface to 65 m CSF-A, then staying constant until 236 m CSF-A, 
and finally increasing toward the bottom of Hole U1461B. The low 
sulfate concentrations occur with high methane concentrations (see 
Headspace gases) between 52 m and 200 m CSF-A, which suggests 
that microbially mediated oxidation of organic matter occurs within 
this interval, where a hydrogen sulfide smell was also noted. Ammo-
nium rapidly increases from 183 μM at the surface to 8270 μM at 
129 m CSF-A, followed by a gradual increase to 9619 μM at 312 m 
CSF-A. From 312 m CSF-A to the bottom, ammonium displays a 
gradual decrease to 3460 μM (Figure F24). The increasing trends of 
alkalinity, pH, and ammonium, coincident with decreasing sulfate, 
indicate a sulfate reduction zone in the upper 100 m. Phosphate was 
present in IW samples at Site U1461 in low concentrations (<4 μM), 
except for between 37.5 and 99.4 m CSF-A, where elevated concen-
trations are noted. Potassium ranges from 6 to 10.4 mM, displaying 
an overall decreasing trend in the upper 100 m, followed by an in-
creasing trend until ~300 m CSF-A, and then decreasing values un-
til ~650 m CSF-A. Potassium concentrations increase again to the 
bottom of Hole U1461B, and this trend may be related to variations 
in clay content (see Lithostratigraphy).

For the minor elements, barium concentrations are relatively 
low from the surface until 375 m CSF-A; from 375 to 729 m CSF-A 
elevated concentrations are noted followed by lower concentrations 
toward the bottom (Figure F25). Silicon displays a similar pattern to 
barium but has a smaller interval of elevated concentrations from 
346 to 558 m CSF-A. Iron is present in IW samples in low concen-
trations (<0.5 μM), except for between 37 and 99 m CSF-A, where 
elevated concentrations up to 6.9 μM are noted. Strontium concen-
trations increase slightly from the surface to 156 m CSF-A, then 
rapidly increase to 518 m CSF-A where a maximum value of 2576 
μM was measured, followed by decreasing values toward the bot-
tom. Lithium remains constant in the upper 375 m CSF-A and then 
increases toward the bottom. Boron increases rapidly from the sur-
face to 213 m CSF-A, where a maximum value of to 589 μM is 
reached, and then rapidly decreases until 558 m CSF-A. From 558 
m CSF-A to the bottom, boron concentrations gradually increase.

Figure F22. Hydrocarbons present in headspace gases, Site U1461. Methane, ethane, propane, and ratio of C1/(C2 + C3). Dashed line highlights a value of 1000, 
above which light hydrocarbons may derive from biogenic sources.
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Figure F23. Alkalinity, pH, salinity, sodium, chloride, and sodium to chloride ratio, Site U1461.
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Bulk sediment geochemistry
Calcium carbonate content at Site U1461 is relatively high and 

ranges from 57 to 94 wt% with a mean of ~80 wt% (Figure F26). 
TOC is relatively low, ranging from 0.6 to 1.5 wt% with a mean of 0.9 
wt%. TN is very low, ranging from 0.009 to 0.073 wt% with a mean 
of 0.04 wt%. A decreasing trend of calcium carbonate starts at ~400 
m CSF-A, corresponding to the Unit II/III boundary (see Lithostra-
tigraphy). The lower calcium carbonate content between 603 and 
714 m CSF-A correlates with the interval of highest TOC values at 
the site.

Paleomagnetism
Paleomagnetic investigations focused on natural remanent mag-

netization (NRM) and partial alternating field (AF) demagnetiza-
tion measurements from Site U1461. Technical issues with the 
superconducting rock magnetometer (SRM), known as flux jumps, 
affected measurements for Holes U1461B and U1461C. A represen-
tative group of discrete samples underwent AF demagnetization 
and were compared to the SRM directional data sets to provide reli-
able magnetostratigraphic interpretations despite the technical dif-
ficulties. The problem was remedied, and measurements on the 
archive-half core sections for Hole U1461D were not affected by 
flux jumps. For Holes U1461B and U1461C, comparisons between 
results from the measurements on the archive-half cores and dis-
crete samples indicate normal (negative) overprint until after the 
30–50 mT demagnetization steps. Consequently, AF demagnetiza-
tion up to 20–30 mT using the SRM in-line AF demagnetizer could 
not always yield a reliable characteristic remanent magnetization 
(ChRM).

Isothermal remanent magnetization (IRM) and backfield IRM 
acquisition curves were also carried out to investigate rock magne-
tism properties of Site U1461 sediments. Most of the samples reach 
saturation IRM (SIRM) between 100 and 300 mT, which could rep-
resent a wide range of magnetic carriers. Backfield IRM acquisition 
data indicate a narrow range of coercivity of remanence values be-
tween 45 and 50 mT. Some rock magnetic characteristics were con-
firmed by XRD results for two discrete samples from Hole U1461B.

Magnetostratigraphic interpretations for Hole U1461C place 
the Brunhes/Matuyama boundary (0.781 Ma) between 45 m and 65 
m CSF-A and the Jaramillo Subchron (0.988 Ma) between 281 m 

Figure F25. Minor element interstitial water geochemistry (boron, barium, iron, silicon, lithium, and strontium), Site U1461. Most iron concentrations in sam-
ples deeper than 300 m CSF-A were below detection level.
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and 316 m CSF-A. Hole U1461D magnetostratigraphic data reflect 
correlations with the Matuyama/Gauss (2.581 Ma) and Gauss/Gil-
bert (3.596 Ma) boundaries at 725 and ~827 m CSF-A, respectively, 
as well as the Subchron C3n.4n (Thvera) interval (4.997–5.235 Ma) 
close to the Pliocene/Miocene boundary. These magnetostrati-
graphic interpretations show agreement with the biostratigraphic 
datums (see Biostratigraphy and micropaleontology).

Archive-half measurements
NRM measurements on archive-half core sections from Holes 

U1461B–U1461D were performed with progressive stepwise AF de-
magnetization up to 30 mT (in 10 mT steps) at 10 cm resolution. 
Coring in Hole U1461A was exploratory in nature, so the magneto-
stratigraphic analyses concentrated on cores from subsequent 
holes. For Hole U1461B, APC core sections to ~370 m CSF-A were 
measured on the SRM. Declination values from Cores 356-U1461B-
2H through 25H were corrected using data provided by the Icefield 
MI-5 orientation tool (see Paleomagnetism in the Expedition 356 
methods chapter [Gallagher et al., 2017]). Intensity values generally 
ranged from 10−5 to 10−4 A/m, and inclination values were generally 
negative.

During measurements for Hole U1461B, we noticed flux jumps 
(see Paleomagnetism in the Expedition 356 methods chapter [Gal-
lagher et al., 2017]), leading to overall instability and hence unreli-
able results. Section data that were affected during the NRM or 10 
mT measurements were not remedied because only the 20 mT step 
was used for magnetostratigraphic interpretation. Flux jumps oc-
curring during the 20 mT measurement were resolved by restarting 
the section measurement as another NRM step. The second NRM 
step was then used instead of the affected 20 mT step for data plot-
ting and interpretation.

To distinguish reversal trends throughout the succession, we es-
timated an expected approximately −36.4° inclination for the lati-
tude of Hole U1461C (20°12.8427′S) based on the geocentric axial 
dipole model. Hence, negative (positive) inclination values are re-
lated to normal (reversed) polarities. For Hole U1461C, we mea-
sured Cores 356-U1461C-2H through 23H, which were oriented 
using the Icefield MI-5 orientation tool. Corrected declination val-
ues are generally in agreement between Holes U1461B and U1461C, 
showing intermediate (not clustered near 0°) values at ~75 m CSF-A 
in Hole U1461B and ~80 m CSF-A in Hole U1461C (see Figure 
F27). Cores below Core 356-U1461C-23H were unoriented. Incli-

Figure F27. Magnetostratigraphic data set, Holes U1461B and U1461C. Magnetic inclination and intensity data from archive-half AF demagnetization measure-
ments (20 mT AF demagnetization step) after background and tray correction with polarity interval correlations (black = normal, white = reversed, gray = 
unidentified). Measurements from the tops and bases of sections were omitted (see Paleomagnetism in the Expedition 356 methods chapter [Gallagher et al., 
2017]). Hole U1461B is correlated with Hole U1461C.
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nation and intensity data also correspond well with Hole U1461B; 
therefore, we did not measure sections between ~275 and ~375 m 
CSF-A from that hole in the interest of using this time to measure 
the lower interval of Hole U1461C from ~375 to ~445 m CSF-A.

Sediments from ~450 to 1088 m CSF-A were measured from 
Hole U1461D (Figure F28). Intensity values generally fall between 
10−5 and 10−3 A/m with anomalous intervals of 10−2 to 10−3 A/m be-
tween ~760 and 790 m CSF-A and between ~865 and 875 m CSF-A. 
Normal polarity intervals are clearly defined between 638 and 655, 
725 and 800, 855 and 875, and 895 and 905 m CSF-A. Two reversed 
polarity intervals that are recognizable span 875–885 and 915–945 
m CSF-A.

Discrete sample measurements
More than 70 discrete samples from Holes U1461B–U1461D 

underwent AF demagnetization, 10 of which were investigated fur-
ther for their magnetic properties. Eight discrete samples from Hole 
U1461B were analyzed using IRM and backfield IRM acquisition. 
IRM acquisition results, shown by the positive y-axis values in Fig-
ure F29, indicate that for most of the samples SIRM is reached be-
tween 100 and 300 mT, which can be associated with a wide range of 
magnetic carriers. Higher SIRM values were found for Samples 356-
U1461B-6H-3, 94–96 cm (~45 m CSF-A), and 90X-2, 88–90 cm 
(~579 m CSF-A). Samples 8F-2, 78–80 cm, and 3H-4, 24–26 cm, 
reach SIRM at lower intensity values, ~7.42 × 10−3 and ~2.42 × 10−2

Figure F28. Magnetostratigraphic data set, Hole U1461D. Magnetic inclination, declination, and intensity from archive-half AF demagnetization measurements 
(20 mT AF demagnetization step) after background and tray correction with polarity interval correlations (black = normal, white = reversed, gray = unidenti-
fied) and biostratigraphic datums (see Biostratigraphy and micropaleontology). Measurements from the tops and bases of sections were omitted (see 
Paleomagnetism in the Expedition 356 methods chapter [Gallagher et al., 2017]).
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Figure F29. IRM acquisition curves for 8 discrete samples from Hole U1461B 
and their respective backfield IRM curves. Inset shows enlarged view of neg-
ative x-axis, showing the coercivity of remanence estimation for each sample.
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A/m, respectively. Negative trending values on the y-axis of Figure 
F29 represent backfield IRM acquisition and show coercivity of 
remanence values where the lines cross the x-axis. All of the sam-
ples show coercivity of remanence values between 46 and 50 mT, 
indicating that the magnetic composition of the sediments may in-
clude mostly low-coercivity magnetic phases.

As a complementary procedure, XRD was performed on two 
samples from Hole U1461B as a way to possibly identify magnetic 
minerals. For at least one sample from Hole U1461B (90X-2, 88–90 
cm; see Table T13), XRD indicated the presence of low (e.g., magne-
tite, titanomagnetite, and maghemite), intermediate (e.g., greigite), 
and high (e.g., hematite, greigite, and goethite) coercivity phases. 
The presence of high-coercivity minerals such as hematite may in-
dicate that, if this phase is a ChRM carrier, fields reached during 
pass-through magnetometer measurements up to 20 mT will not 
reflect primary magnetization. Therefore, we rely heavily on dis-
crete sample AF demagnetization to fields up to 80–100 mT for 
ChRM polarity and magnetostratigraphic interpretations.

Discrete Sample 356-U1461B-90X-2, 88–90 cm, was also used 
to test the reliability of the data from archive-half sections drilled 
using the XCB. However, some of these samples were only demag-
netized up to a peak field of 0.8 mT, an order of magnitude lower 
than the usual procedure. The demagnetization behavior exhibited 
stable directions, but the directional data showed that the ChRM 
component may not be attainable using pass-through SRM mea-
surements. Therefore, SRM measurements on XCB cores were not 
performed during subsequent shipboard measurements.

High-resolution AF demagnetization measurements from Hole 
U1461C were used to help develop the magnetostratigraphy for 
Hole U1461C. Many samples did not show evidence of directional 
trends toward the origin (e.g., Sample 356-U1461C-8H2, 78–80 cm 
[~65 m CSF-A] in Figure F30). Despite the unstable directions, the 
polarity is still attributed to the ChRM after the first few demagne-
tization steps, and can therefore contribute to magnetostratigraphic 
interpretations. Samples 12H-3, 84–86 cm (~104 m CSF-A), 37F-4, 
63–65 cm (~278 m CSF-A), 38F-2, 80–82 cm (~281 m CSF-A), and 
46F-2, 84–86 cm (~316 m CSF-A), show more stable directional 
data than most samples.

Four discrete samples taken from Hole U1461D cores were mea-
sured and AF demagnetized to characterize the sediments. The de-
magnetization behavior and directional results indicate that 
generally, ChRM was revealed up to the 20 mT demagnetization 
step for Samples 356-U1461D-3R-3, 15–17 cm (464 m CSF-A), 20R-
2, 110–112 cm (691 m CSF-A), and 35R-2, 49–51 cm (836 m CSF-
A), but Sample 12R-4, 40–42 cm (613 m CSF-A), required higher 
demagnetization steps.

Magnetostratigraphy
Magnetostratigraphic interpretations from Holes U1461B and 

U1461C (Figure F27) are mostly based on discrete sample data. 
SRM results from the uppermost 350 m of Holes U1461B and 
U1461C show normal polarity, but discrete samples reveal reversed 
ChRMs starting at Section 356-U1461C-8H-2 (~65 m CSF-A) after 
30 mT. This suggests that the Brunhes/Matuyama boundary (0.781 
Ma) lies between Sections 6H-2 and 8H-2 (~45 and ~65 m CSF-A). 
In addition, discrete samples show that polarity changes again from 
reversed to normal between Sections 38F-2 and 46F-2 (~281 and 
~316 m CSF-A), which may be indicative of the Jaramillo Subchron 
(C1r.1n, 0.988 Ma) (see Table T14).

Magnetostratigraphy for Hole U1461D (Figure F27) exhibits a 
record of the Matuyama, Gauss, and Gilbert Chrons (Table T14), 
with well-defined boundaries that are in agreement with biostrati-
graphic results (see Biostratigraphy and micropaleontology). The 
Matuyama/Gauss boundary (2.581 Ma; Gradstein et al., 2012) was 
found by identifying Chron C2r and C2n intervals, with a transition 
close to the top of Core 356-U1461D-23R near the ~2.49 Ma bio-
stratigraphic datum at 713.4 m CSF-A (top of D. surculus). The 
Gauss/Gilbert boundary (3.596 Ma; Gradstein et al., 2012) was 
identified based on the Chron C2An–C2Ar transition, which may 
occur at Core 34R and which matches with the ~3.59 Ma datum 
(top of S. seminulina) at ~817.6 m CSF-A. It is also possible that the 
Subchron C3n.2n (normal) interval is present from Cores 42R 
through 46R. At 1008.3 m CSF-A, the biostratigraphic datum that 
indicates late Miocene age strata approximately coincides with a re-
versal interval that may represent the Chron C3r reversed interval.

Table T13. XRD analysis results for magnetic mineralogy content for two discrete samples, Hole U1461B. Download table in .csv format.

Core, section,
interval (cm)

Depth
CSF-A (m)

Relative composition

Major Minor Trace

356-U1461B-
6H-3, 94 46.34 Quartz, calcite, aragonite Magnetitite, greigite, kaolinite Hematite, titanomagnetite
90X-2, 88 581.45 Calcite Quartz, ankerite, Sr-apatite, magnetite, pyrite Greigite, goethite, maghemite, kaolinite
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Figure F30. AF demagnetization results for 3 discrete samples from different 
depths, Hole U1461C. Orthogonal projection (Zijderveld diagram) and equal 
area projection of NRM vector measured after each demagnetization treat-
ment. Horizontal = declination (D), vertical = inclination (I). Equal area pro-
jection: solid circles = positive inclination, open circles = negative 
inclination. Normalized magnetization behavior plots show highest magne-
tization intensity (Mmax) = 1 on y-axis with AF demagnetization strengths 
shown after each measurement on x-axis.
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Table T14. Polarity intervals and interpreted correlations, Site U1461. Down-
load table in .csv format. 

Core interval
Depth

CSF-A (m) Polarity, age, and chron 

Higher confidence
356-U1461C-

9H through 21H 76–187 Reversed; C1r.1r: 0.781–0.988 Ma (top Matuyama)
41F 292–? Normal; C1r.1n: 0.988–1.072 Ma (Jaramillo–top 

Matuyama)

356-U1461D-
12R through 18R 613–672 Normal; C2n: 1.788–1.945 Ma (Olduvai)
18R through 23R 672–715 Reversed; C2r: 1.945–2.581 Ma (end Matuyama)
23R through 34R 721–827 Normal; C2An: 2.581–3.596 Ma (Gauss)
34R through 37R 827–856 Reversed; C2Ar: 3.596–4.187 Ma (top Gilbert)
51R through 54R 991.5–1022 Normal; C3n.4n: 4997–5.235 Ma (upper half Gilbert)

Lower confidence
356-U1461D-

43R through 46R 914.5–950.5 Reversed; C3n.2r: 4.631–4.799 Ma (upper half 
Gilbert)

Physical properties
Physical properties measurements at Site U1461 were per-

formed using the Whole-Round Multisensor Logger (WRMSL), 
natural gamma radiation (NGR) sensor, and discrete sampling. 
Light-colored sediments were discriminated by high L* values and 
corresponded to relatively low magnetic susceptibility (MS) and 
high grain density. This pattern was interpreted to result from high 
micrite and a low detrital clay component in these sediments. In 
cores that were obtained by the XCB and RCB systems, gamma ray 
attenuation (GRA) tended to underestimate bulk density because 
core liners were not fully filled due to the variation in core diameter. 
The same pattern was observed when MS measurements on the 
WRMSL and the Section Half Multisensor Logger (SHMSL) were 
compared. Thermal conductivity of sediments increased gradually 
with depth, from about 1.0 W/(m·K) in the upper portion of Holes 
U1461A and U1461B to ~1.8 W/(m·K) at ~1000 m CSF-A in Hole 
U1461D. These measurements were used in combination with 
downhole in situ temperature measurements to calculate a geother-
mal heat flux of 41.1 mW/m2. Between 125 and 450 m CSF-A, sonic 
velocity measurements by both WRMSL and discrete sampling 
were often unsuccessful because the cored material underwent a 
large degree of expansion, hampering such measurements. How-
ever, in the deeper parts of Holes U1461B and U1461D, discrete 
measurements of sonic velocity were successful and show a gradual 
increase with depth from ~1750 m/s (450 m CSF-A) to ~2800 m/s 
(925 m CSF-A). In the lower part of Hole U1461D (925–1080 m 
CSF-A), sonic velocities were relatively constant and ranged be-
tween 2400 and 2900 m/s. Porosity was about 60% to 70% in the top 
50 m and decreased to 28%–34% at the bottom of the deepest hole 
(U1461D). Grain densities tended to average ~2.75 g/cm3, with high 
values reflecting the presence of aragonite, which occurred in vary-
ing amounts in the top half of the cored interval (upper ~600 m).

Magnetic susceptibility
MS was measured by two instruments: the WRMSL at 5.0 cm 

intervals and the SHMSL at 2.5 cm intervals. Sampling on the 
SHMSL was carried out by averaging two measurements per posi-
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tion in Holes U1461A and U1461C and three measurements per po-
sition in Hole U1461B and most of Hole U1461D. The values were 
corrected for instrument drift, as outlined in Physical properties in 
the Expedition 356 methods chapter (Gallagher et al., 2017) (Fig-
ures F31, F32). MS variability on a 10–20 m scale is seen in all holes 
and on both WRMSL and SHMSL throughout Holes U1461A and 
U1461C and to 375 m CSF-A in Hole U1461B (Figure F31). Large 
peaks were observed (Figure F32A–F32C) in Sections 356-
U1461A-3F-2 (29 SI), 356-U1461B-2H-3 (27 SI), and 356-U1461C-
2H-1 (22 SI) (instrument units are from the SHMSL point magnetic 
susceptibility [MSP]). We believe that this unusually high MS was 
real because it was seen in all holes with all analytical methods and 
corresponded to a unique unlithified homogeneous packstone (Unit 
I, see Lithostratigraphy). Deeper than 450 m CSF-A, MS showed a 
long-term trend with values increasing to the bottom of Holes 
U1461B and U1461D in the SHMSL data. However, this trend is less 
pronounced in the WRMSL data (Figure F32D). This is because the 
WRMSL data are processed assuming a fixed volume, correspond-
ing to a filled APC core liner, with a diameter of 6.2 cm. In the 
deeper part of the site, the XCB and RCB cores had a (maximum) 
diameter of 5.87 cm and did not entirely fill the core liner, so MS 
measurements were underestimating the true susceptibility of the 
sediment. Therefore, we suggest that the increasing trend in the 
MSP data set better represented the characteristics of the deeper 
sediments. In addition, the WRMSL and SHMSL data showed a 
pronounced increase in MS deeper than 825 m CSF-A with high 

amplitude peaks up to 30 SI. In Hole U1461D, the high amplitude 
peaks ceased at ~990 m CSF-A, falling back to a background level of 
about 4 SI for the remainder of the hole (to ~1090 m CSF-A).

Natural gamma radiation
NGR was measured on whole-round cores from Holes U1461A 

and U1461C at 20 cm intervals and at 10 cm intervals on cores from 
Holes U1461B and U1461D. NGR values tended to be relatively low 
in the top 15 m. Deeper in the section, higher peaks of up to 60 
counts/s were observed, along with 10 m scale variability. Major 
peaks were observed at 63, 124, 160, 175, 280, 315, 562, 833, and 873 
m CSF-A in Hole U1461B. These peaks were also seen in the other 
three holes at similar depths (Figure F31) and were used to correlate 
holes at this site (see Stratigraphic correlation). In the deeper sec-
tion of Holes U1461B and U1461D, the NGR peaks were not as large 
as in the upper part. However, 10 m scale variability was still ob-
served, allowing for correlation between these holes. In addition, 
Hole U1461D had relatively high values of up to 25 counts/s from 
825 to 1010 m CSF-A followed by a sharp reduction to 5–10 
counts/s to total depth (~1090 m CSF-A). These changes in NGR in 
the lower part of the section were consistent with trends in the MS 
record.

P-wave velocity
Two different measurements were used to determine P-wave ve-

locities, the WRMSL (5 cm intervals) and one or two discrete mea-

Figure F31. WRMSL MS, drift-corrected SHMSL MSP, and NGR results, Site U1461.
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surements with the P-wave caliper on each core. Shallower than 60 
m CSF-A, P-wave measurements obtained on the WRMSL were 
within the accepted range and consistent with discrete measure-
ments. However, the discrete measurements demonstrate that the 
WRMSL P-wave velocity data include underestimated values be-
cause of the software’s misinterpretation of the first arrival of the 
waveform. However, the highest P-wave velocities from the 
WRMSL are real and range between 1500 and 1700 m/s in this 
depth interval. Deeper than 60 m CSF-A, P-wave velocities re-
ported by the WRMSL are sporadic in both the depth and velocity 
domains. This is due to sediment expansion, so these values are un-
reliable and should not be used to infer sediment properties.

Although discrete samples for P-wave velocity were taken from 
every core, successful P-wave measurements were rare between 130 
and 450 m CSF-A (Figure F33) due to the character of the sediment. 
In this zone, successful measurements were obtained only from lith-
ified material. In rare instances, this lithified material consisted of 
rocks for which the relation to the surrounding formation was un-
clear. However, most reported measurements in this interval were 
obtained from cemented material of similar composition to the sur-
rounding unmeasurable softer sediments. As a result, the intermit-
tent measurements in this interval tended to be high and ranged 
between 2000 and 3000 m/s. Deeper than 450 m CSF-A, we consis-
tently obtained good measurements of P-wave velocity and the val-
ues showed a gradual increase to 2700 m/s at the base of Hole 
U1461B and were as high as 2900 m/s at the base of Hole U1461D. 
In Hole U1461D, the increase in velocity stabilized at about 900 m 

CSF-A. Thereafter, the average velocity remained constant at about 
2700 m/s to the bottom of the hole (~1090 m CSF-A).

Gamma ray attenuation
GRA bulk density estimates were collected using the WRMSL at 

5.0 cm intervals on all cores from all holes at this site (Figure F34). 
These results were reported with those from discrete measure-
ments of bulk density. High bulk density peaks were present at ap-
proximately 15, 61, and 93 m CSF-A and correspond to higher NGR 
counts. These high bulk density peaks are confirmed by discrete 
samples.

Moisture and density
One or two discrete samples were collected per core in Hole 

U1461A. In Hole U1461B, samples were only taken every four or 
five cores in the interval of overlap with Hole U1461A and then one 
or two per core deeper than 250 m CSF-A, (Figure F34). In Hole 
U1461C, one sample was taken every two or three sections for the 
uppermost 50 m to verify results from Hole U1461A. The remain-
der of the overlapping section was sampled once every four or five 
cores. The interval deeper than 285 m CSF-A, which had piston 
core-refusal in Holes U1461A and U1461B, was sampled at a rate of 
one or two per core. These samples were generally taken from the 
middle of the core to avoid the effects of core disturbance. Estimates 
of density and porosity were calculated taking into account the high 
salinity values found in the pore fluids at this site (see Geochemis-

Figure F32. MS results, Site U1461. A. WRMSL MS. B. SHMSL MSP. C. Drift-corrected SHMSL MSP. D. Hole U1461B MS. E–G. Expanded views of Hole U1461B 
WRMSL MS, raw SHMSL MSP, and drift-corrected SHMSL MSP.
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try). However, the impact on porosity and density was <0.2% of the 
results obtained assuming normal salinities.

Bulk density data analyzed through discrete samples correlated 
relatively well with GRA variations in the upper parts of the holes 
(seafloor to 450 m CSF-A) (Figure F34). Correlation coefficients be-
tween GRA and discrete sample bulk densities were R = 0.55 in Hole 
U1461A, R = 0.49 in the upper 450 m CSF-A of Hole U1461B, and R
= 0.42 in Hole U1461C. The correlation coefficient for all data in the 
upper 450 m CSF-A at Site U1461 was R = 0.46. Deeper than 450 m 
CSF-A, the GRA values underestimated the actual bulk density be-
cause this measurement also includes a volume assumption. In the 
deeper sections, cores recovered with the XCB and RCB systems 
did not entirely fill the core liner, so bulk density measurements 
were underestimated. Deeper than 450 m CSF-A, discrete bulk den-
sity data show a long-term trend with values increasing to 900 m 
CSF-A and then becoming stable at about 2.15 ± 0.1 g/cm3 in Holes 
U1461B and U1461D. This is followed by a rise near the very bot-
tom of Hole U1461D where Miocene sediments (see Biostratigra-
phy and micropaleontology) show a bulk density of ~2.25 g/cm3

(Figure F34).
Overall, the grain densities at the site were fairly constant at 

about 2.75 g/cm3. These relatively high values probably reflected the 
presence of aragonite, which occurred in varying amounts mainly in 
the upper portion of the cored interval (upper ~600 m). There were 
also several peaks of anomalously high grain densities from about 
10 to 40 m CSF-A in Holes U1461A and U1461C. This corre-

sponded to high concentrations of peloids and aragonite as deter-
mined via smear slides and XRD analysis (see Core descriptions
and Lithostratigraphy). A grain density peak was also present at 60 
m CSF-A in all three holes (U1461A–U1461C) and was also linked 
to an increase in peloid concentrations. An additional grain density 
maximum was observed at 285 m CSF-A and corresponded to a 
high L* and the presence of white micritic claystone with abundant 
aragonite. Finally, a relative high grain density horizon at 715 m 
CSF-A in Hole U1461B was absent in Hole U1461D at around the 
same depth. This high does not correspond to any change in litho-
logy or physical properties.

Porosity values ranged between 60% and 66% in the upper 10 m, 
decreased to ~45%–53% at ~250 m CSF-A, and continued to de-
crease to ~28%–34% at the bottom of Holes U1461B and U1461D 
(Figure F34). Apparent low porosity measurements observed at 
~13, 270, 280, 466, 589, and 731 m CSF-A were measured on anom-
alously cemented samples and were therefore not representative of 
the normal compaction trend of most sediments at this site.

A test of the sampling method for MAD was conducted at Site 
U1461. We discovered that the syringe sampling method for uncon-
solidated sediments was being conducted in two different ways. In 
one case, the syringe was being treated as a mini-piston core in 
which the inner portion of the syringe was held at the top of the 
sample and the outer portion was pushed down into the sample to 
generate a minicore with minimal disturbance. In the second 
method, the syringe was used as a measuring device. The inner por-

Figure F33. P-wave velocity, penetrometer, and shear strength results, Site U1461. Black = Hole U1461A, red = Hole U1461B, blue = Hole U1461C, green = Hole 
U1461D.
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Figure F34. Bulk density (dots = GRA, squares = MAD), grain density, and porosity, Site U1461. Grain density and porosity: black = Hole U1461A, red = Hole 
U1461B, blue = Hole U1461C, green = Hole U1461D.
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tion was set at 10 mL (the sample size) and pressed into the half 
core, generating a sample with a size of approximately 10 mL. Five 
paired samples were taken in unconsolidated sediment at Site 
U1461 utilizing both of these sampling techniques at each sample 
location. Most of these paired samples were taken between 37 and 
46 m CSF-A but one was taken at ~245 m CSF-A. The largest differ-
ence in measurements occurred when the “sample-size” method 
produced a 2.6% higher porosity than the piston method. This par-
ticular sample was a wet sandy sediment (Sample 356-U1461A-7H-
2, 71 cm) at 41.7 m CSF-A. The other four pairs of samples pro-
duced porosities that agreed within 2% of each other or with a vari-
ation of up to 1.6%. Neither method consistently produced higher or 
lower porosity estimates. These measurements were made on sam-
ples taken from very wet sediments and normally compacting sedi-
ments. Based on this experiment, we conclude that the MAD 
sampling methods are robust and independent of the sampling ap-
proach.

Reflectance spectroscopy and colorimetry
Reflectance spectroscopy and colorimetry was performed on 

the archive halves of the split cores at 2.5 cm intervals. Reflectance 
(L*), red versus green (a*), and blue versus yellow (b*) were mea-
sured on all cores (Figure F35). At this site, the colorimetry factor 
that best captured variations was L*. One unique aspect of a* was an 
increase in greenness with depth from 450 to 875 m CSF-A.

Light-colored sediments (high L* values) tended to correspond 
to relatively low MS, possibly as a result of a higher micritic and 
lower detrital clay content in these sediments. Additionally, the 
brighter portions of the record tended to correspond with relatively 
high grain densities.

Discrete stress measurement
Discrete measurements of shear and normal stress were gener-

ally taken at a sampling rate of one per core. It should be noted that 
gas expansion in these cores resulted in a loss of strength. As a re-
sult, the values are extremely variable (Figure F33). However, there 
was a trend toward increasing strength with depth to the point 
where consolidation of the core (450 m CSF-A) made stress mea-
surements impossible.

Thermal conductivity, temperature, 
and heat flux

Thermal conductivity was measured using two different de-
vices: the needle in unconsolidated sediment and the minipuck in 
harder more consolidated sediment (see Physical properties in the 
Expedition 356 methods chapter [Gallagher et al., 2017] for details). 
Thermal conductivity increased from about 1.0 W/(m·K) near the 
seafloor to about 1.8 W/(m·K) at 1090 m CSF-A at the base of Hole 
U1461D (Figure F36).
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Figure F35. Reflectance spectroscopy and colorimetry (L*, a*, and b*), Site U1461.
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Shallower than 502.3 m CSF-A, we employed the needle probe. 
However, in Section 356-U1461B-81X-2, the XCB coring system re-
sulted in lithified segments alternating with soft material that had 
been pulverized during coring (i.e., “biscuits and gravy” distur-
bance). We recognized that the needle probe had measured the con-
ductivity of some of the artificially generated (coring-generated) 
soft material in this core. Therefore, we used the minipuck to esti-
mate thermal conductivity of an undisturbed lithified piece of sedi-
ment in the split half of the same core within 2 cm of the needle 
probe measurement. The resulting thermal conductivity was 1.573 
± 0.069 W/(m·K), significantly higher than the result obtained by 
the needle probe in the disturbed wet sediment (1.161 ± 0.005 
W/[m·K]). On all deeper cores, we used the minipuck on lithified 
pieces of sediment within the split core.

We measured the in situ temperature with the APCT-3 during 
piston coring in Holes U1461B and U1461C. Measurements were 
made in Cores 356-U1461B-9H, 13H, and 16H and Cores 356-
U1461C-10H, 16H, and 24F. We were not able to estimate the tem-

perature at the seafloor with confidence from these temperature 
logs. The shallowest estimate of temperature was at 69.43 m CSF-A 
(25.98°C). The deepest temperature reading was taken at 220.2 m 
CSF-A (32.01°C) (Figure F36A). Inspection and extrapolation of 
these temperature records suggest that they are all of good quality 
and together define a geothermal gradient without noticeable devi-
ations from linearity. The resulting gradient is 38.4°C/km. From the 
thermal conductivities measured in cored material from all holes 
(Figure F36B), we were able to estimate a geothermal heat flux of 
41.1 mW/m2. The Bullard plot (Figure F36C) shows a linear rela-
tionship between temperature and thermal resistance (see In situ 
temperature measurements in the Expedition 356 methods chap-
ter [Gallagher et al., 2017]). Therefore, we are confident that the 
temperature profile has not been perturbed by fluid flow or internal 
heat production. We have not estimated the influence of the high 
sedimentation rate on the geothermal gradient, but it could be im-
portant at this site.
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Downhole measurements
Downhole measurements at Site U1461 were conducted in Hole 

U1461D and consisted of runs with the triple combo and FMS-
sonic tool strings. In contrast to the deployment of the triple combo 
at Site U1459, where some tools were omitted for safety reasons, the 
porosity, density, and resistivity tools were used at Site U1461. In 
addition to these three tools, borehole width, total spectral gamma 
ray (HSGR), and MS from the pipe depth (78.3 m wireline log 
matched depth below seafloor [WMSF]) to 1030 m WMSF were 
also measured. A single pass along the entire depth of the open hole 
was made with this tool string (see Operations). HSGR, bulk den-
sity, and porosity data were found to correlate with those of cores in 
the interval between 500 and 1000 m WMSF. In this interval, bore-
hole diameter was close to bit size (10 inches). Higher Sin the sec-
tion, the borehole is likely to have collapsed because of sediment 
expansion causing problems between 450 and 375 m WMSF. As a 
result, wireline bulk density and porosity data quality decreased in 
this interval, whereas the HSGR logs still correlated with core data. 
MS measurements were affected by temperature and were judged to 
be of insufficient quality for interpretation. The FMS-sonic tool 
failed to pass deeper than 192.7 m WMSF but yielded good-quality 
sonic velocity measurements. With borehole diameter exceeding 20 
inches in the logged interval, the FMS resistivity images were of 
poor quality. Six successful APCT-3 in situ temperature measure-
ments were made on cores from Holes U1461B and U1461C.

Depth matching
The logs were processed with depth matching on shore before 

the processed logs were sent back to the ship during Expedition 356. 
The preprocessed logs were first shifted to the seafloor (−141 m), 
which was determined by the step in gamma ray values observed on 
the triple combo main run. This differed by 2.7 m from the seafloor 
depth of 138.3 mbrf determined by the drillers. The depth-shifted 
logs were then depth matched to the HSGR log from the main pass 
of the triple combo. We consider that there is a 4–8 m discrepancy 
between the core depths (CSF-A) and wireline logging depths 
(WMSF). In the discussion below, we refer to all logs in WMSF and 
to all cores in CSF-A, realizing that the match between the two is 
only approximate within several meters.

Natural gamma radiation
HSGR was measured both during the down and up passes with 

the triple combo. Because of hole collapse in the upper section 
(~400 m WMSF), the data obtained from the down pass covered a 
larger depth interval than the up pass. In the overlapping part be-
tween the up and down log, the collected data were similar. There-
fore, we present here the more extensive down pass data (Figure 
F37). The HSGR log showed good agreement with the NGR com-
posite data obtained on whole-round cores from this site. In the up-
per 450 m WMSF, we observed relatively low HSGR, except for 
some distinct peaks. At 450 m WMSF there was a stepwise increase 
of HSGR toward values of about 35 gAPI. In the interval between 
450 and 820 m WMSF, HSGR fluctuated around that level. Between 
820 and 850 m WMSF, HSGR increased further to about 40 gAPI 
and remained at that level between 850 and 1000 m WMSF. Disre-
garding the uppermost 78.3 m where the HSGR signal was attenu-
ated by the drill pipe, many NGR peaks and troughs observed from 
Site U1461 cores were reproduced in the downhole wireline log of 
Hole U1461D. Seven of the most convincing core-log correlations 
exhibited large variations in gamma ray values over ~5 m depth in-
tervals. The five-window spectroscopy of the HSGR tool allowed 
the approximate concentrations of uranium (U) (in ppm), thorium 
(Th) (in ppm), and potassium (K) (in weight percent) to be deter-
mined. These HSGR data show that the large peaks in the upper 460 
m (lithostratigraphic Units I and II; see Lithostratigraphy) were 
mainly driven by variations in U content. These U content varia-
tions tie the wireline data of Hole U1461D to the NGR measured on 
the cores and indicate that U-driven peaks tend to correspond to 
average to low K and Th concentrations. In lithostratigraphic Unit 
III, between 467 and 993 m CSF-A, the corresponding downhole 
data suggest an increase in Th and K concentrations, whereas U 
concentrations decrease. Most of the increase in Th and K occurred 
between about 740 and 830 m WMSF, whereas the decrease in U is 
more rapid and happens between 740 and 760 m WMSF. This is 
consistent with the gradual transition observed in this unit from 
micrite-rich sediment toward more clay mineral–rich finer grained 
sediment (see Lithostratigraphy). NGR measured on cores there-
fore shows a good correlation with the wireline Th and K concentra-
tions in the interval between 600 and 1000 m CSF-A.

When distinct peaks and troughs in gamma ray values were cor-
related between the whole-round core data from Hole U1459B and 
wireline log data from Hole U1459C, the wireline depth was consis-
tently shallower than the cored depth scale for any hole. The offset 
between wireline and coring depth varied between 4 and 8 m 
throughout Hole U1461D (gray horizontal lines on Figure F37).

Figure F36. A. APCT-3 in situ temperatures, Holes U1461B and U1461C. 
B. Thermal conductivity (k) measured on Hole U1460A (black), U1461B (red), 
and U1461C (blue) cores and used in heat flow calculation. C. Thermal resis-
tance (Ω) vs. temperature (T) (Bullard plot). D. Thermal conductivity from B 
with Hole U1461D (green) showing entire cored section. For B and D, only 
data with standard deviations <0.1 W/(m·K) are shown; standard deviation 
between individual measurements on same sample indicated by width of 
symbol.
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Figure F37. Hole U1461D diameter (caliper) and HSGR measured by triple combo, NGR from Hole U1461B–U1461D whole-round cores, and elemental uranium, 
thorium, and potassium concentrations estimated from Hole U1461D HSGR spectra.
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Magnetic susceptibility
The MS data, as measured during downhole wireline logging 

with the triple combo, showed a gradual increase throughout the 
logged interval. However, the variations observed in the MS data 
measured on cores using the SHMSL (Figure F38) were significantly 
different from the variations observed in the wireline MS data. For 
example, the abrupt increase and decrease in MS variability at 820 
and 990 m CSF-A, respectively, were not observed in the wireline 
MS data. However, the strong MS variability in this interval ob-
served in the core data corresponds well with variations in K con-
centration obtained by wireline logging. The wireline MS 
measurement was affected by temperature, which increased with 
depth in the borehole, but this was not corrected for during pro-
cessing; thus, the wireline MS data are likely overwhelmed by this 
factor. Therefore, the wireline MS data were judged to be of insuffi-
cient quality for interpretation.

Porosity, density, and resistivity
We measured porosity, density, and resistivity during the up 

pass with the triple combo tool string (Figure F39). Porosity, bulk 
density, and resistivity measurements are likely to be unreliable in 

the upper 450 m WMSF because of partial collapse of the hole as a 
result of sediment expansion (from gas; see Geochemistry). How-
ever, deeper than 450 m WMSF there was good agreement between 
bulk density and porosity inferred from wireline logging with those 
measured on discrete samples (MAD method; see Physical proper-
ties) from cores. Porosity decreased from ~48% at 450 m WMSF to 
~30% at the deepest logged part of Hole U1461D (1030 m WMSF), 
whereas bulk density increased from 2.0 to 2.2 g/cm3 over the same 
interval. In addition, there was good agreement between the log- 
and core-based bulk densities between 230 and 310 m WMSF and 
between porosities obtained via wireline logging and discrete sam-
ples between 150 and 220 m WMSF. Overall, the log-based bulk 
density tended to either match the core-based values or show sharp 
excursions that underestimated the bulk density, whereas the log-
based porosity values either agreed with the core-based values or 
overestimated them. In short, where the logging underestimated 
bulk density, it generally overestimated porosity compared to data 
obtained from discrete samples.

Mud resistivity fluctuated between 0.4 and 0.6 Ω from 450 to 
700 m WMSF (Figure F39). Between 700 and 805 m WMSF, resis-
tivity showed an increasing trend from 0.5 to 0.6 Ω, followed by a 
marked reduction to values around 0.48 Ω between 805 and 840 m 
IODP Proceedings 47 Volume 356
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WMSF. Between 870 and 1020 m WMSF, resistivity measurements 
fluctuated by around 0.65 Ω. Resistivity was not measured on Site 
U1461 cores, so core-log comparison was not possible.

Formation MicroScanner
The FMS-sonic was deployed over a limited depth interval, with 

the first pass carried out between 188 and 124 m WMSF and the 
second pass between 190 and 108 m WMSF. Hole diameter ex-
ceeded the length of the caliper (20 inches) throughout most of the 
logged interval (Figure F40). Throughout both runs, at least one of 
the four pads yielded highly conductive results, indicating that the 
pad was not in contact with the borehole wall. In only a small frac-
tion of the logged interval did all four pads show simultaneous vari-
ations in resistivity. When they did, images from different pads did 
not show a strong correlation, suggesting that the variations were 
due to changes in pad contact and not variations in resistivity along 
the borehole wall. Moreover, the two passes did not correlate. Con-
sequently, the FMS logs were judged to be of insufficient quality for 
interpretation.

Sonic imager
Sonic velocities were measured during downhole wireline log-

ging of Hole U1461D between 75 and 172 m WMSF. The measure-
ments obtained during logging agreed with sonic velocities 
obtained from discrete measurements with the P-wave caliper from 
all holes of Site U1461 at depths shallower than 110 m CSF-A (Fig-
ure F40). We observed wireline sonic velocities around 1750 m/s 
between 78.3 and 93 m WMSF and around 1600 m/s between 93 
and 110 m WMSF. However, between 110 and 172 m WMSF, wire-
line sonic velocities were considerably higher (1900 m/s) than the 
six successful discrete measurements in this depth interval (see 
Physical properties). We observed the maximum wireline sonic ve-
locity (2002 m/s) at 151.8 m WMSF. There was difficulty in measur-
ing sonic velocity on discrete samples because of sediment 
expansion in this depth interval, so the measurements obtained 
from cores were unreliable and should not be used to infer sediment 
properties (see Physical properties). Sonic velocities obtained by 
wireline logging in this interval may be more representative of the 
actual average sonic velocities of the sediment.

In situ temperature
Using the APCT-3, temperatures were measured in Cores 356-

U1461B-9H, 13H, and 16H and Cores 356-U1461C-10H, 16H, and 
24F. These temperatures were judged to be of good quality, were 
made between 69.43 and 220.2 m CSF-A, and were integrated with 
the thermal conductivities measured at the site (see Physical prop-
erties).

Figure F38. Hole U1461D diameter (caliper) and magnetic susceptibility 
measured by triple combo, Hole U1459B–U1461D SHMSL MSP, and elemen-
tal potassium concentration estimated from Hole U1461D HSGR spectra.
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Figure F39. Hole U1461D diameter (caliper) measured by triple combo and bulk density, porosity, and mud resistivity (lines = Hole U1461D wireline, squares = 
Site U1461 discrete samples).

0.2 0.4 0.6 0.8 1

Mud resistivity (Ω)
0 20 40 60 80

Porosity (%) 
1.2 1.6 2 2.4

Bulk density (g/cm3)

1100

1050

1000

950

900

850

800

750

700

650

600

550

500

450

400

350

300

250

200

150

100

50

0

1100

1050

1000

950

900

850

800

750

700

650

600

550

500

450

400

350

300

250

200

150

100

50

0
0 10 2020 10 0

D
ep

th
 C

S
F

-A
 (

m
)

D
ep

th
 W

M
S

F
 (

m
)

Hole diameter
(inch)

Bit
size< >
IODP Proceedings 49 Volume 356



S.J. Gallagher et al. Site U1461
Stratigraphic correlation
The upper ~285 m of Site U1461 was triple cored using a combi-

nation of the piston coring (APC and HLAPC) and XCB systems. In 
Holes U1461A–U1461C, this interval was correlated and a splice 
was generated for the upper ~285 m (Figure F41; Table T15), al-
though confidence in the correlation is not as high in some intervals 
between 240 and 285 m CSF-A because of low variation in NGR and 
MS data (e.g., Cores 356-U1461A-30F, 31F, 356-U1461B-27F 
through 29F, and 356-U1461C-26F through 28F) and recovery of 4.7 
m cores (HLAPC) instead of full-length (9.5 m) APC cores. Al-
though the HLAPC enabled good recovery of high-quality core 
overall, the relative size of the gaps between cores is greater than 
with the APC and a high (~114%) affine growth factor (a measure of 
the fractional stretching of the composite section relative to the 
drilled interval) also made correlation more challenging. Holes 
U1461B and U1461C overlap from 285 to 441 m CSF-A (base of 
Hole U1461C). The deeper section penetrated in Holes U1461B 
(Cores 81X through 126X) and U1461D (Cores 5R through 61R) 
was also correlated (~450–880 m CSF-A; Figure F42), but signifi-
cant recovery gaps do not permit the development of a continuous 
spliced section.

Guidance for coring (using CSF-A)
Cores were measured for MS and GRA on the Special Task Mul-

tisensor Logger (STMSL) immediately after recovery at 10 cm inter-
vals. The results were used to monitor for coring gaps in real time, 
and adjustments were made in Hole U1461C (e.g., Core 32F and the 
drilled interval of 289–292 m CSF-A) to avoid producing the same 
recovery gaps as in Holes U1461A and U1461B. NGR data were 

Figure F40. Hole U1461D diameter (caliper) measured by FMS-sonic caliper 
and sonic velocities from Site U1461 discrete sample measurements and 
Hole U1461D wireline.
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Figure F41. NGR data for the continuous splice interval in Holes U1461A–U1461C together with the final splice record. Gray boxes = intervals used to construct 
the splice with core numbers noted, dashed vertical lines = intervals where tie points should be treated with caution (see text for details). A. 0–50 m CCSF-A. 
(Continued on next two pages.)
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Figure F41 (continued). B. 50–100 m CCSF-A. Red dashed line = interval that interrupted the continuous splice; interval is characterized by coral and other 
gravelly rubble and yielded limited recovery in both Holes U1461A and U1461B. C. 100–150 m CCSF-A. (Continued on next page.)
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used to determine the optimal penetration depth for the mudline 
core of Hole U1461C.

The tidal range at Site U1461 can be as high as 2.26 m (data pro-
vided by the Australian Bureau of Meteorology, Canberra). If piston 
coring is started at different points in the tidal cycle, then the depth 
to seafloor measurements will differ between holes and the mudline 
shot will not hit the desired depth target, complicating correlation. 

Tidal heights at the approximate times of mudline shots for Holes 
U1461A–U1461C were monitored to avoid a drilling gap around 
the first core. Because tides result in a different water height, the 
length of the drill string must be adjusted to ensure the mudline 
core is shot to reach the target depth. Therefore, for APC coring in 
Holes U1461B and U1461C, the start depth was adjusted relative to 
the tidal height at the time coring began in Hole U1461A. Coring in 
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Figure F41 (continued). D 150–200 m CCSF-A. E. 200–280 m CCSF-A.
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Hole U1461D began at 455 m CSF-A using the RCB system rather 
than the APC system; drilling advance, as opposed to piston coring, 
does not require adjustments for tidal heights because tidal varia-
tions during the time spent drilling core (~45 min or less) are not 
large.

In addition to making adjustments to guide coring as a result of 
variable tidal heights, further operational guidance targeted inter-
vals of low to no recovery. Coring deeper than ~375 m CSF-A in 
Hole U1461B employed the XCB system, and recovery was very low 
(0%–39%) between ~375–475 and 575–600 m CSF-A (see Figure 
F42 for core recovery) before improving in the deeper part of the 
hole. The first interval of low recovery in Hole U1461B (~380–450 
m CSF-A; Cores 59X through 70X) was specifically targeted in Hole 

Table T15. Splice tie point table, Holes U1461A–U1461C. Download table in 
.csv format.
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U1461C by the HLAPC system. Cores 356-U1461C-59F through 
73F filled in some of that gap in recovery; the first interval of low 
recovery in Hole U1461B is graphically displayed as red boxes on 
Hole U1461C in Figure F42. Cores 356-U1461C-59F through 63F 
achieved greater than 100% recovery (~107%); recovery for Cores 
356-U1461C-64F through 73F was variable (40%–104%). A second 
interval of low recovery in Hole U1461B occurred from ~460 to 470 
m CSF-A (Cores 74X through 75X) and ~510 to 515 m CSF-A (Core 
82X) and was targeted for spot coring with the RCB system in Hole 
U1461D (red boxes on Hole U1461D in Figure F42). A third interval 
of low recovery in Hole U1461B was recovered in Hole U1461D 
(yellow in Figure F42). It was observed that deeper than 600 m CSF-
A, the core quality recovered by the RCB system (Hole U1461D) 
was superior to that produced by the XCB system (Hole U1461B) 
because severe biscuiting did not occur with the RCB system.

Correlation of the cores (to produce CCSF-A)
Coring in all four holes had variable levels of recovery, associ-

ated with hardgrounds and variable lithology. Although recovery of 
hardgrounds was generally good, sometimes intervals of low recov-
ery and/or flow-in of adjacent unlithified sediments were created 
during piston coring. Low recovery also occurred using the XCB 
and RCB systems in zones with variable lithology, including hard-
grounds within softer sediment. Correlation was also complicated 
by damage to core liners. Some core liners, particularly in Hole 
U1461A, were compressed during coring (e.g., Core 23H), other-
wise damaged (e.g., Core 16H), or the tops of cores were contami-
nated by cave-in or flow-in. Cores were evaluated for drilling 
disturbances using the visual core descriptions (VCDs) (see Core 
descriptions). Peaks in the data that were recorded in the VCDs as 
rubble, flow-in, or crushed liners were not used for correlations.

The upper ~285 m section of Holes U1461A–U1461C was triple 
cored so that data from different holes could be correlated (Table 
T16; Figures F43, F44, F45) and a splice was generated (Table T15; 
Figure F41). Cores from each of the three holes were plotted in Mi-
crosoft Excel, and an offset was applied to adjust the cores to com-
mon tie points in the NGR data (Table T16; Figure F43). The level 
of certainty in the correlation in the upper ~240 m is graphically 
displayed in Figure F43 with green (high confidence) and red (low 
confidence) bars.

The correlation in the upper ~240 m is anchored on the mudline 
established in Hole U1461C and results in a composite core depth 
below seafloor (CCSF-A) scale. The CCSF-A depth scale provides a 
common point of reference for all three holes and is typically 
greater than the CSF-A scale. The total depth of the CCSF-A scale is 
~14% greater than the CSF-A scale (Hole U1461A grows from 279.9 
m CSF-A to 319.5 m CCSF-A, Hole U1461B grows from 295.3 m 
CSF-A to 336.3 m CCSF-A, and Hole U1461C grows from 296.7 m 
CSF-A to 336.3 m CCSF-A) (Table T16). Although offsets were de-
termined for each core, the correlation was determined for those 
cores with the most similar features, starting with Core 356-
U1461C-1H, the mudline anchor (Figure F44). These relationships 
are used to develop the splice (see description below).

From ~240 to 297 m CSF-A (Cores 356-U1461A-31F through 
41F, 356-U1461B-28F through 38F, and 356-U1461C-27F through 
38F), below the interval for which a splice was produced (i.e., the 
upper ~240 m CSF-A), the level of overlap between the holes is vari-
able, and thus, so is the certainty in the correlation, despite triple 
coring in the upper part of this interval (Table T16; Figure F44). 
Figure F45 presents the correlation between the holes; only the 
peaks in Cores 356-U1461A-40F, 356-U1461B-37F, and 356-
U1461C-36F and 37F (~325–335 m CCSF-A) can be confidently 
correlated.

In the interval between 240 and 297 m CSF-A, correlation was 
impeded by three factors:

• The differential offsets between cores are relatively large (Table 
T16), so there is relatively little overlap between the 4.7 m 
HLAPC cores during correlation.

• Physical properties showed only low-amplitude variations (Fig-
ure F46) in distinct intervals, between ~255 and ~270 m CSF-A 
(Cores 356-U1461A-36F through 38F, 356-U1461B-34F 
through 35F, and 356-U1461C-34F through 35F), which did not 
allow for recognition of characteristic tie points between cores.

• Distinct differences in the NGR profile between holes is at-
tributed in part to differences in resolution of the measurements 
(every 20 cm for Hole U1461A and the upper part of Hole 
U1461C [Cores 356-U1461C-1H through 39F] and every 10 cm 
for Holes U1461B and U1461D and the lower part of Hole 
U1461C [Cores 356-U1461C-41F through 72F]). Some of the 
difference between the NGR records, though, is attributed to 
lithologic variation, as well as differences in drilling method 
(HLAPC, APC, XCB, and RCB systems employed) between 
holes.

Although recovery was variable in both Holes U1461B and 
U1461D, well-developed trends in both MS and NGR allowed cor-
relation deeper than 565 m CSF-A (see Physical properties). A cor-
relation between Cores 356-U1461B-126X through 81X and 356-
U1461D-61R through 10R (Table T17) bridges, as much as possible, 

Figure F42. Drilling to recover coring gaps, Holes U1461B–U1461D. Hole 
U1461B red and yellow = gaps in coring, Hole U1461C and U1461D red = 
gaps targeted for recovery, Hole U1461D yellow = gaps present in Hole 
U1461B and their positions in Hole U1461D.
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Table T16. Affine table, Holes U1461A–U1461C to 240 m CCSF-A. Down-
load table in .csv format.
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gaps in recovery in Holes U1461B and U1461D. For example, Core 
356-U1461B-93X bridges the gap between Cores 356-U1461D-11R 
and 12R. Where recovery was higher, tie points provide more cer-
tain correlations. For example, the tie point at ~720 m CSF-A, be-
tween Cores 356-U1461B-107X and 356-U1461D-23R, provides a 
point of correlation for the high-recovery interval shallower than 
720 m CSF-A in Hole U1461B (Cores 356-U1461B-104X through 
107X) and deeper than 720 m CSF-A (Cores 356-U1461D-23R 
through 25R). Holes U1461B and U1461D can be correlated this 
way to the base of Hole U1461B (Core 356-U1461B-126X), which is 
found at the same stratigraphic level as Core 356-U1461D-39R. The 
only significant interval with low recovery in both holes is found be-
tween 661 and 669 m CSF-A (Cores 356-U1461C-99X and 356-
U1461D-17R through 18R).

Construction of a splice (to produce CCSF-D)
A splice was created for the upper 239.4 m CSF-A in Hole 

U1461A, 235.4 m CSF-A in Hole U1461B, and 239.0 m CSF-A in 
Hole U1461C (these depths are all equivalent to 276.6 m CCSF-A in 

the composite or correlation) (Table T15; Figure F41). The splice 
was based on the cores shown in Figure F44. Patterns in NGR vari-
ation and/or MS were used to align the cores in the individual holes, 
but construction of a continuous spliced record requires discrete tie 
points in each core. Because unequivocal tie points were not always 
available, some uncertainty about correlation between cores was in-
troduced. There was also a level of subjectivity in selection of the 
exact location of tie points, even though the patterns of peaks may 
be similar. For example, the tie point between Cores 356-U1461A-
22H and 356-U1461B-19H can, in theory, be placed anywhere be-
tween 178 and 181 m CCSF-A (Figure F43).

Uncertain correlations from 40 to 55 m CSF-A (Cores 356-
U1461A-7H-10X and 356-U1461B-6F through 7F) break the strati-
graphic continuity established at the mudline with Core 356-
U1461C-1H (Figures F41, F43, F44). Cores 356-U1461B-6H and 
356-U1461C-6H could be correlated within this interval, and be-
cause recovery was most continuous in Hole U1461C, it was de-
cided to append Core 356-U1461C-7H below 356-U1461C-6H 
(Figure F41B) to continue the formation of a splice. Strong correla-

Figure F43. Correlation between Holes U1461A, U1461B, and U1461C from 0 to 240 m CCSF-A (composite depth scale produced by correlating holes) as deter-
mined using Microsoft Excel to shift core sections, based on NGR data. Core numbers are shown. Level of certainty in the correlation: green = high confidence, 
red = low confidence.
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tions such as those around 72 m CCSF-A (Cores 356-U1461B-9H 
and 356-U1461C-7H) allowed reestablishment of a confident cor-
relation below this level (Figures F41B, F43, F44). The correlation 
weakens at 276.6 m CCSF-A, so the splice was not continued be-
yond 276.6 m CCSF-A (Table T15; Figure F41E).

Note that the CCSF-D scale rigorously applies only to the 
spliced interval. Intervals outside the splice, although available with 
CCSF-A depth assignments, should not be expected to correlate 
precisely with fine-scale details within the splice or within other 
holes because of variation in the relative spacing of features in dif-
ferent holes. Such apparent depth differences of specific features 
may also reflect coring artifacts or fine-scale spatial variations in 
sediment accumulation and preservation at and below the seafloor.

Correlation of core to wireline
Hole U1461D was logged and the wireline gamma log (HSGR) 

compared to core-based NGR data from Holes U1461B–U1461D. 
Correlation between 200 and ~240 m CSF-A is limited by low-am-
plitude variation in the NGR signal (Figure F46A). Strong ties exist 
between Hole U1461B and the wireline to ~280 m CSF-A with 
weaker ties to 460 m CSF-A (Figure F46A–F46B). The correlation 
improves again at ~480 m CSF-A and ~525–560 m CSF-A (Figure 
F46B). Hole U1461D was drilled down with only spot coring (Fig-
ure F46C), so correlations are based on Hole U1461B through ~600 
m CSF-A in Hole U1461D. From ~600 to ~850 m CSF-A (near the 
base of Hole U1461B), correlations are generally strong (Figure 
F46C–F46D). Core recovery is not sufficient to generate a splice, 
but it is possible to generate relatively continuous records using the 
wireline data as a guide.

Hole and site summaries (sedimentation rates)
A summary of the relationship between NGR and color reflec-

tance b* (see Physical properties), biostratigraphic, lithostrati-
graphic (see Biostratigraphy and micropaleontology and 
Lithostratigraphy), and magnetostratigraphic (see Paleomagne-
tism) data, plus sedimentation rates calculated from biostrati-
graphic datums (see Biostratigraphy and micropaleontology), is 
presented graphically for Holes U1461A–U1461D (Figures F47, 
F48, F49, F50) and for Site U1461 (Figure F51). Sedimentation 
rates were calculated assuming a linear sedimentation rate between 
datums (in centimeters per thousand years and using the CSF-A 
depth scale).

Although biostratigraphic and magnetostratigraphic data were 
not collected from all cores in each hole, trends are clear across the 
holes. Sedimentation rates are highest in the Late Pleistocene (43 
cm/ky from 1 to 0.44 Ma; Zone NN19; 240–30 m CSF-A) and low-
est in the latest Pleistocene (6 cm/ky from ~0.44 to 0 Ma) (Figures 
F47, F48, F49, F50).

Hole U1461D cored to Miocene-aged sediments (Figure F50). 
Few datums are present in this Miocene interval with poor micro-
fossil preservation (see Biostratigraphy and micropaleontology), 
but sedimentation rates are estimated to be very low (<1 cm/ky). An 
unconformity, determined on the basis of a lithologic break in the 
core catcher of Core 356-U1461D-51R, is associated with a mag-
netic normal conditionally interpreted as Chron C3n.4n (4.997 Ma, 
see Paleomagnetism). This places the unconformity between ~9 
Ma (the base of the absence of calcareous nannofossil R. pseudo-
umbilicus [8.79 Ma]; see Biostratigraphy and micropaleontology) 
and 5 Ma.

Early Pliocene sedimentation rates are moderate (7–9 cm/ky) in 
Zone NN13 and NN14 intervals in Hole U1461D (Figure F50). A 
more detailed biostratigraphic investigation was conducted on the 
upper Pliocene sediments in Hole U1461B (see Biostratigraphy 
and micropaleontology), and sedimentation rates therefore differ 
between Holes U1461B and U1461D (Figures F48, F50). Nonethe-

Figure F44. Cores used to develop correlations between Holes U1461A, 
U1461B, and U1461C from 0 to 280 m CSF-A. Green arrows = strong correla-
tion, red arrows = uncertain correlation. Arrows are placed relative to the 
core number and do not indicate exact depth of correlation. Intervals of 
strong (green bar) and weak (gray bar) correlation are also shown.
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Figure F45. Correlation between Holes U1461A, U1461B, and U1461C from 240 to 340 m CCSF-A (composite depth scaled produced by correlating holes) as 
determined using Microsoft Excel to shift core sections, based on NGR data. Core numbers are shown. NGR values for Holes U1461B and U1461C were 
increased by 10 and 20 counts/s, respectively, for plotting purposes.
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less, the rates show a similar pattern of moderate sedimentation 
rates (16–31 cm/ky) reducing to ~5 cm/ky around the Plio-
cene/Pleistocene boundary and dramatically increasing around the 
Zone PL6/Pt1a and NN18/NN19 boundaries (Figures F48, F50). 
The reduced sedimentation rate in the Pliocene is associated with 
channelized flow and transport from shallower shelf regions (see 
Biostratigraphy and micropaleontology and Lithostratigraphy), 
and the rapid early Pleistocene increase is associated with sandy 
gravity flows (see Biostratigraphy and micropaleontology and 
Lithostratigraphy), suggesting destabilization of the slope around 
the Pliocene/Pleistocene boundary.

Another interval of reduced sedimentation rates (8 cm/ky) 
around 1 Ma associated with R. asanoi datums (Hole U1461B) (Fig-
ure F48) is followed by rates of 43–44 cm/ky in Holes U1461A and 
U1461B. The inferred position of the Brunhes/Matuyama boundary 
in Hole U1461C results in even higher rates (109 cm/ky) in that hole 
(Figure F49). These high sedimentation rates continue through to 
the latest Pleistocene (0.44 Ma, based on the top of P. lacunosa; see 

Biostratigraphy and micropaleontology), when rates drop to ~6 
cm/ky.

A graphic summary (Figure F51) was generated for Site U1461 
that includes NGR measured on core and total gamma radiation 
from wireline logging in Hole U1461D. Biostratigraphic datums 
were selected for the site summary figure to show the general bio-
stratigraphic pattern and were used to determine sedimentation 
rates for the site as a whole. The site summary figure does not pro-
vide the level of detail found in the hole summary figures, nor does 
it illustrate the differences found, for example, in datum levels or 
lithostratigraphy between the holes. Overall, sedimentation rates 
are low in the Miocene, across the unconformity, and into the early 
Pliocene. Sedimentation rates more than double in Zone NN15 and 
decrease to around 8 cm/ky around the Zone Pl4/Pl5 boundary. 
Rates are very high in the Pleistocene and are associated with grav-
ity flows. Rates reduce significantly in the latest Pleistocene (0.44 
Ma) but are still well above average sedimentation rates in the deep 
sea.
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Figure F46. Comparison between NGR measured on Hole U1461B and U1461C cores with Hole U1461D wireline gamma log (HSGR). Note the two different 
depth scales (CSF-A for NGR and WMSF for HSGR). Solid lines = strong correlation points between Holes U1461B, U1461C, and U1461D with wireline data, 
dashed lines = weaker tie points, gray boxes = correlative interval of the wireline data. Core numbers are adjacent to the NGR data for reference. gAPI = Ameri-
can Petroleum Institute gamma radiation units. A. 200–400 m CSF-A. B. 400–600 m CSF-A. (Continued on next page.)
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Figure F46 (continued). C. 600–800 m CSF-A. D. 800–1000 m CSF-A.
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Table T17. Correlations between Holes U1461B and U1461D. Download table in .csv format.

Depth 
CSF-A (m) Hole Core Remarks

594–610 U1461D 10R–11R
610–614 U1461B 93X The top of U1461B-93X overlaps with U1461D-11R, the base with 

U1461D-12R (based on NGR and MS)
614–652 U1461D 12R–15R
652–661 U1461B 97X–98X
661–669 U1461B and 

U1461D
U1461B-99X and U1461D-16R–17R Poor recovery in both holes

669–672 U1461B 100X
672–682 U1461D 18R–19R U1461D-18R overlaps with a large part of U1461B-100X, according to the 

wireline data very little material is missing between U1461D-18R and 
U1461D-19R (Figure F46C)

682–704 U1461B 102X–104X No overlap with U1461D-19R, but according to wireline data very little 
material missing (Figure F46C)

704–709 U1461B and 
U1461D

U1461B-105X and U1461D-22R Poor recovery in both holes

709–720 U1461B 106X–107X U1461B-107X is a short core that can be appended below U1461B-106X; 
wireline data indicate that very little material is missing (Figure F46C)

720–747 U1461D 23R–25R The top of U1461D-23R can be matched with U1461B-107X (short core, so 
not a very certain tie), but this is consistent with a tie between U1461B-
108X and U1461D-23R base; the central part of U1461D-25R can be 
matched to the base of U1461B-110X

747–760 U1461B 111X–112X
760–767 U1461D 27R The top of U1461D-27R can be matched with the base of U1461B-112X
767–770 U1461B 113X There is no overlap, but based on the wireline data very little material is 

missing (Figure F46C)
770–774 U1461D 28R U1461D-28R can be tentatively correlated to immediately below U1461B-

113X; there is no, or at least not enough, overlap to create a tie point
776–796 U1461B 116X Based on order, this core has to fit in this gap, however, no overlap exists, 

and the equivalent core in Hole U1461D (30R) had little recovery; in 
NGR there is a peak in the top of U1461B-116X that cannot be related to 
the wireline profile

796–830 U1461B 117X-120X Poor recovery and difficult to correlate to the wireline, but this is the only 
core with recovery from this interval

827–843 U1461D 34R–35R
843–857 U1461B 124X–125X
>865 U1461D 38R–61R U1461D-38R and U1461D-39R can be matched with U1461B-126X
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Figure F47. Hole U1461A summary showing core recovery, graphic lithology, lithostratigraphic units, age, and biostratigraphic data plotted against NGR and 
color reflectance b*. Biostratigraphic zone boundary ages are shown. Age-depth model was produced from biostratigraphic datums only (see Biostratigra-
phy and micropaleontology) and assumes a linear sedimentation rate between datums. See Figure F7 in the Expedition 356 methods chapter (Gallagher et 
al., 2017) for lithology key. BF = benthic foraminifer, NN = calcareous nannofossil. IS = inner shelf.
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S.J. Gallagher et al. Site U1461
Figure F48. Hole U1461B summary showing core recovery, graphic lithology, lithostratigraphic units, age, and biostratigraphic data plotted against NGR and 
color reflectance b*. Biostratigraphic zone boundary ages are shown. Age-depth model was produced from biostratigraphic datums only (see Biostratigra-
phy and micropaleontology) and assumes a linear sedimentation rate between datums. Sedimentation rates are calculated separately for calcareous nanno-
fossils (green, solid circles) and planktonic foraminifers (blue, open circles) where the datums diverge. See Figure F7 in the Expedition 356 methods chapter 
(Gallagher et al., 2017) for lithology key. PF = planktonic foraminifer. MS = middle shelf, OS = outer shelf, UB = upper bathyal.
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S.J. Gallagher et al. Site U1461
Figure F49. Hole U1461C summary showing core recovery, graphic lithology, lithostratigraphic units, age, and magnetostratigraphic and biostratigraphic data 
plotted against NGR and color reflectance b*. Biostratigraphic zone boundary ages are shown. Age-depth model was produced from biostratigraphic and 
magnetostratigraphic data (see Biostratigraphy and micropaleontology and Paleomagnetism) and assumes a linear sedimentation rate between datums: 
circles = calcareous nannofossil datums, squares = paleomagnetic datums. See Figure F7 in the Expedition 356 methods chapter (Gallagher et al., 2017) for 
lithology key. No samples were analyzed for benthic foraminifers shallower than ~380 m CSF-A.
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S.J. Gallagher et al. Site U1461
Figure F50. Hole U1461D summary showing core recovery, graphic lithology, lithostratigraphic units, age, and magnetostratigraphic and biostratigraphic data 
plotted against NGR and color reflectance b*. Biostratigraphic zone boundary ages are shown. Age-depth model was produced from biostratigraphic and 
magnetostratigraphic datums (see Biostratigraphy and micropaleontology and Paleomagnetism): solid circles = calcareous nannofossils, open circles = 
planktonic foraminifers, squares = paleomagnetic datums. Sedimentation rates assume a linear sedimentation rate between datums. The position of the 
unconformity (red) in the Miocene is determined by the lithologic change in 51R-CC. See Figure F7 in the Expedition 356 methods chapter (Gallagher et al., 
2017) for lithology key.
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S.J. Gallagher et al. Site U1461
Figure F51. Site U1461 summary showing core recovery, graphic lithology, lithostratigraphic units, age, magnetostratigraphy, biostratigraphy, NGR, and Hole 
U1461D wireline HSGR. Biostratigraphic zone boundary ages are shown. Age-depth model was produced from select biostratigraphic datums (see Table T6) 
color coded by hole (closed circles = calcareous nannofossils, open circles = planktonic foraminifers). Sedimentation rates assume a linear sedimentation rate 
between datums. Position of the unconformity (wavy line) in the Miocene is determined by the lithologic change in 356-U1461D-51R-CC. Benthic foraminiferal 
assemblages were smoothed to generate this synthesis, resulting in slight differences from data presented in hole summaries.
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