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Background and objectives
International Ocean Discovery Program (IODP) Site U1445 is

located near the southern end of the Mahanadi basin, on the eastern
margin of India (Figure F1). This sedimentary basin extends both
onshore and offshore and was formed during the late Jurassic rifting
of Gondwana (Sastri et al., 1981; Subrahmanyam et al., 2008). To-
day, the Mahanadi River basin (19°21′ to 23°35′N, 80°30′ to 86°50′E;
~1.42 × 105 km2) drains a catchment composed of late Archaean
and early Proterozoic granite batholiths and gneisses from the East-

ern Ghats (~56%); Gondwana-age limestones, shales, and sand-
stones (~39%); and recent alluvium (~5%) (Mazumdar et al., 2015;
Rickers et al., 2001), including one of the richest mineral belts on
the Indian subcontinent. This mineralization results in higher con-
centrations of trace metals such as Fe, Cu, Zn, and Pb in suspended
river sediments compared to other rivers in peninsular India
(Chakrapani and Subramanian, 1990b). Kaolinite, chlorite, quartz,
dolomite, and minor montmorillonite and illite are characteristic
components of suspended sediments discharged by the Mahanadi
River into the Bay of Bengal (Subramanian, 1980; Chakrapani and
Subramanian, 1990b).

The summer monsoon is the primary control on present-day
sediment discharge from the Mahanadi basin with 90% of the an-
nual sediment delivery into the Bay of Bengal (15 × 106 metric tons)
occurring between July and September (Chakrapani and Subrama-
nian, 1990a). The exceptionally narrow (25–50 km) continental
shelf promotes rapid transit of particulates to the continental slope
and rise. Direct summer monsoon precipitation and runoff from
rivers surrounding the Bay of Bengal yield a net positive water flux
(precipitation + runoff − evaporation) of 152 × 1010 m3/y (Varkey et
al. 1996). In particular, the Ganges/Brahmaputra and other Indian
peninsular rivers provide 63.5 × 1010 m3/y of runoff directly to
coastal regions of the northern and western Bay of Bengal. Much of
this freshwater is entrained within the East Indian Coastal Current
(EICC), maintaining a low-salinity region extending ~100 km off-
shore eastern India (Antonov et al., 2010; Chatterjee et al., 2012;
Chaitanya et al., 2014).

Site U1445 is located 2502 meters below sea level (mbsl) in a
flat-lying region of the upper continental rise, ~94 km from the In-
dian coastline. The seismic profile (proprietary, not shown) to the
680 m target depth is characterized by parallel, flat-lying reflectors
minimally interrupted by small-scale dewatering faults that extend
upward from depth, terminating ~80 m below the seafloor, presum-

Figure F1. Mahanadi basin with locations of Sites U1445 and U1446 (pro-
posed Sites BB-5 and BB7) and the approximate track of the “regional” seis-
mic line of Dangwal et al. (2008) (white). Map was generated using
GeoMapApp (http://www.geomapapp.org).
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ably in the less consolidated sediments. This location on the upper
rise is not protected from turbidite deposition, but the target depth
offers the possibility to reach Miocene sediments as indicated in the
regional seismic profile (Figure F2) (Dangwal et al., 2008).

The objective at Site U1445 is to recover Miocene to Holocene
sediments at three or more holes in order to construct a composite
section and splice from which to make continuous time-series re-
constructions of changing monsoon precipitation and runoff at
suborbital to orbital timescales. Sites U1445 and U1446 will consti-
tute the northern end of a meridional salinity transect that includes
sites in the Andaman Sea and is anchored by IODP Site U1443 at
5°N.

Operations
Site U1445 consisted of three holes (Table T1) ranging in depth

from 33.0 to 672.6 m drilling depth below seafloor (DSF). Overall,
117 cores were recorded for the site. A total of 487.34 m of core over
a 476.3 m cored interval was recovered using the advanced piston
corer (APC) system (102% recovery). The cored interval with the
extended core barrel (XCB) system was 534.5 m with a core recov-
ery of 518.02 m (97%). The overall recovery at Site U1445 was 99%.
The total time spent on Site U1445 was 9.3 days.

Port Visakhapatnam
The R/V JOIDES Resolution transited 235 nmi from Site U1444

to Visakhapatnam, India, for an inspection by the Indian Navy, to
board three Indian Scientists, and to gain permission to core the re-
maining primary sites for Expedition 353. The vessel was tied up at
the Fertilizer Pier in Port Visakhapatnam with the first line ashore at
0720 h (UTC + 8 h) on 29 December 2014. The naval inspection
took place on 30 December and was completed by 1630 h. Three
scientists from Indian institutions boarded the vessel at 2130 h on
30 December. A diplomatic note from the Indian Ministry of Exter-
nal Affairs granting clearance to operate within the Indian exclusive
economic zone was received at 2145 h.

Transit to Site U1445
The vessel departed Visakhapatnam for Site U1445 (proposed

primary Site BB-5) on 31 December 2014 with the last line ashore at

0306 h. After an 87 nmi transit, the ship arrived at Site U1445. The
thrusters were lowered and dynamic positioning assumed control of
the vessel at 1942 h.

Site U1445
Winds of 35 kt and heave up to 4.5 m forced operations to wait

on weather until 0245 h on 1 January 2015. At that time, an
APC/XCB bottom-hole assembly (BHA) was made and deployed to
the seafloor by 1015 h. High heave conditions caused spudding of
Hole U1445A to be delayed.

Hole U1445A
Hole U1445A was spudded at 1900 h on 1 January. The seafloor

was estimated at 2502 mbsl. Cores 353-U1445A-1H through 24H
(0–225.1 m DSF) were retrieved using the APC system. Tempera-
ture measurements were taken on Cores 4H, 7H, 10H, and 13H.
Core orientation data were obtained from Cores 3H through 24H
using the Icefield MI-5 tool. The XCB system was deployed for
Cores 25X through 77X (225.1–672.6 m DSF). Coring advances of 8
m were utilized for Cores 33X, 34X, and 38X through 66X to allow
for core expansion within the core liner.

After completion of coring operations in Hole U1445A, the hole
was swept with 50 bbl of high-viscosity mud and then displaced
with heavy weight (10.6 lb/gal) mud in preparation for downhole
logging operations. The hole was then logged using the triple
combo tool string, including the magnetic susceptibility sonde
(MSS), and the Formation MicroScanner (FMS)-sonic tool string.
Each tool string was run twice from 85 to 444 m DSF. Neither tool
string was able to pass below a bridge at 444 m DSF. Downhole log-
ging operations were completed at 0630 h on 7 January. The drill
string was pulled from the hole with the bit clearing the seafloor at
0711 h, ending Hole U1445A.

A total of 24 APC cores were taken over a 225.1 m interval with
a total core recovery of 234.31 m (104% core recovery). The XCB
system was used for 53 cores over a cored interval of 447.5 m with
432.09 m recovered (97%). Total core recovery for Hole U1445A
was 99%.

Hole U1445B
The vessel was offset 20 m south, and Hole U1445B was spud-

ded at 1010 h on 7 January. Hole U1445B was dedicated for high-
resolution pore water sampling. Cores 353-U1445B-1H through 4H
were retrieved with 101% recovery. The bit cleared the seafloor at
1320 h, ending Hole U1445B.

Four APC cores were taken over a 33.0 m interval with a total
core recovery of 33.36 m (101% core recovery).

Hole U1445C
The vessel was offset 20 m west, and Hole U1445C was spudded

at 1415 h on 7 January. Cores 353-U1445C-1H through 24H were
retrieved using the APC system. Temperature measurements were
taken with the advanced piston corer temperature tool (APCT-3) on
Cores 20H and 22H. Cores 3H through 24H were oriented using the
Icefield MI-5 tool. The XCB system was deployed for Cores 25X
through 36X (218.2–305.2 m DSF). Cores 26X through 36X used 8
m advances to allow for core expansion within the core liner.

A total of 24 APC cores were taken over a 218.2 m interval with
a total core recovery of 219.67 m (101% core recovery). The XCB
system was used for 12 cores over a cored interval of 87.0 m with
85.93 m recovered (99%). Total core recovery for Hole U1445C was
100%.

Figure F2. Interpreted “regional” seismic section passing through the 85°E
Ridge in the Mahanadi deepwater basin to the shelf edge in the north, mod-
ified from Dangwal et al. (2008). The approximate track of this line is indi-
cated in Figure F1. Sites U1445 and U1446 (proposed Sites BB-5 and BB-7)
are projected on the line. TWT = two-way traveltime.
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Table T1. Site U1445 core summary. CSF = core depth below seafloor, DRF = drilling depth below rig floor, DSF = drilling depth below seafloor, mbsl = meters
below sea level. H = advanced piston corer, X = extended core barrel. (Continued on next two pages.) Download table in .csv format. 

Hole U1445A Hole U1445B
Latitude: 17°44.7217′N Latitude: 17°44.7098′N
Longitude: 84°47.2518′E Longitude: 84°47.2498′E
Time on hole (h): 155.5 Time on hole (h): 6.0
Seafloor (drill pipe measurement below rig floor, m DRF): 2513.1 Seafloor (drill pipe measurement below rig floor, m DRF): 2514.5
Distance between rig floor and sea level (m): 10.8 Distance between rig floor and sea level (m): 10.9
Water depth (drill pipe measurement from sea level, mbsl): 2502.3 Water depth (drill pipe measurement from sea level, mbsl): 2503.6
Total penetration (drilling depth below seafloor, m DSF): 672.6 Total penetration (drilling depth below seafloor, m DSF): 33.0
Total length of cored section (m): 672.6 Total length of cored section (m): 33.0
Total core recovered (m): 666.4 Total core recovered (m): 33.36
Core recovery (%): 99 Core recovery (%): 101
Total number of cores: 77 Total number of cores: 4

Hole U1445C
Latitude: 17°44.7095′N
Longitude: 84°47.2387′E
Time on hole (h): 64.5
Seafloor (drill pipe measurement below rig floor, m DRF): 2513.5
Distance between rig floor and sea level (m): 10.9
Water depth (drill pipe measurement from sea level, mbsl): 2502.6
Total penetration (drilling depth below seafloor, m DSF): 305.2
Total length of cored section (m): 305.2
Total core recovered (m): 305.6
Core recovery (%): 100
Total number of cores: 36

Core
Date 

(2015)
Time          

UTC (h)

Depth DSF (m)

Interval 
advanced (m)

Depth CSF (m)

Length of core 
recovered (m)

Recovery 
(%)

Sections 
(N)

Top of cored 
interval

Bottom of cored 
interval

Top of cored 
interval

Bottom of cored 
interval

353-U1445A-
1H 1 Jan 1125 0.0 6.9 6.9 0.0 6.96 6.96 101 6
2H 1 Jan 1225 6.9 16.4 9.5 6.9 16.48 9.58 101 8
3H 1 Jan 1315 16.4 25.9 9.5 16.4 25.32 8.92 94 7
4H 1 Jan 1420 25.9 35.4 9.5 25.9 35.83 9.93 105 8
5H 1 Jan 1510 35.4 44.9 9.5 35.4 45.85 10.45 110 8
6H 1 Jan 1600 44.9 54.4 9.5 44.9 55.06 10.16 107 8
7H 1 Jan 1700 54.4 63.9 9.5 54.4 63.99 9.59 101 8
8H 1 Jan 1745 63.9 73.4 9.5 63.9 74.36 10.46 110 9
9H 1 Jan 1830 73.4 82.9 9.5 73.4 83.68 10.28 108 9
10H 1 Jan 1935 82.9 92.4 9.5 82.9 92.62 9.72 102 8
11H 1 Jan 2025 92.4 101.9 9.5 92.4 101.75 9.35 98 8
12H 1 Jan 2110 101.9 111.4 9.5 101.9 112.23 10.33 109 9
13H 1 Jan 2215 111.4 120.9 9.5 111.4 121.43 10.03 106 8
14H 1 Jan 2310 120.9 130.4 9.5 120.9 131.19 10.29 108 9
15H 2 Jan 0000 130.4 139.9 9.5 130.4 140.58 10.18 107 8
16H 2 Jan 0100 139.9 149.4 9.5 139.9 149.79 9.89 104 9
17H 2 Jan 0155 149.4 158.9 9.5 149.4 158.99 9.59 101 8
18H 2 Jan 0250 158.9 168.4 9.5 158.9 169.00 10.10 106 8
19H 2 Jan 0345 168.4 177.9 9.5 168.4 178.16 9.76 103 8
20H 2 Jan 0430 177.9 187.4 9.5 177.9 188.19 10.29 108 8
21H 2 Jan 0520 187.4 196.9 9.5 187.4 196.85 9.45 99 8
22H 2 Jan 0610 196.9 206.4 9.5 196.9 206.69 9.79 103 8
23H 2 Jan 0700 206.4 215.9 9.5 206.4 216.43 10.03 106 9
24H 2 Jan 0800 215.9 225.1 9.2 215.9 225.08 9.18 100 9
25X 2 Jan 1025 225.1 234.8 9.7 225.1 232.06 6.96 72 7
26X 2 Jan 1120 234.8 244.5 9.7 234.8 243.50 8.70 90 9
27X 2 Jan 1210 244.5 254.2 9.7 244.5 252.68 8.18 84 8
28X 2 Jan 1320 254.2 263.9 9.7 254.2 261.51 7.31 75 7
29X 2 Jan 1415 263.9 273.6 9.7 263.9 271.23 7.33 76 7
30X 2 Jan 1510 273.6 283.3 9.7 273.6 280.85 7.25 75 8
31X 2 Jan 1610 283.3 293.0 9.7 283.3 290.49 7.19 74 8
32X 2 Jan 1725 293.0 302.7 9.7 293.0 300.87 7.87 81 7
33X 2 Jan 1820 302.7 310.7 8.0 302.7 311.75 9.05 113 8
34X 2 Jan 1915 310.7 318.7 8.0 310.7 319.57 8.87 111 7
35X 2 Jan 2015 318.7 324.0 5.3 318.7 325.87 7.17 135 6
36X 2 Jan 2225 324.0 333.7 9.7 324.0 332.80 8.80 91 7
37X 3 Jan 0015 333.7 343.4 9.7 333.7 341.73 8.03 83 7
38X 3 Jan 0150 343.4 351.4 8.0 343.4 351.76 8.36 105 7
39X 3 Jan 0325 351.4 359.4 8.0 351.4 359.37 7.97 100 7
40X 3 Jan 0445 359.4 367.4 8.0 359.4 367.74 8.34 104 7
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41X 3 Jan 0615 367.4 375.4 8.0 367.4 375.45 8.05 101 7
42X 3 Jan 0740 375.4 383.4 8.0 375.4 384.12 8.72 109 7
43X 3 Jan 0900 383.4 391.4 8.0 383.4 391.69 8.29 104 7
44X 3 Jan 1025 391.4 399.4 8.0 391.4 399.89 8.49 106 7
45X 3 Jan 1135 399.4 407.4 8.0 399.4 408.42 9.02 113 7
46X 3 Jan 1250 407.4 415.4 8.0 407.4 416.10 8.70 109 7
47X 3 Jan 1420 415.4 423.4 8.0 415.4 423.34 7.94 99 7
48X 3 Jan 1550 423.4 431.4 8.0 423.4 432.72 9.32 117 8
49X 3 Jan 1730 431.4 439.4 8.0 431.4 438.88 7.48 94 6
50X 3 Jan 1920 439.4 447.4 8.0 439.4 448.46 9.06 113 8
51X 3 Jan 2100 447.4 455.4 8.0 447.4 457.04 9.64 121 9
52X 3 Jan 2245 455.4 463.4 8.0 455.4 463.99 8.59 107 7
53X 4 Jan 0030 463.4 471.4 8.0 463.4 472.42 9.02 113 8
54X 4 Jan 0225 471.4 479.4 8.0 471.4 480.75 9.35 117 8
55X 4 Jan 0355 479.4 487.4 8.0 479.4 487.88 8.48 106 8
56X 4 Jan 0525 487.4 495.4 8.0 487.4 495.13 7.73 97 7
57X 4 Jan 0640 495.4 503.4 8.0 495.4 503.76 8.36 105 7
58X 4 Jan 0805 503.4 511.4 8.0 503.4 512.57 9.17 115 8
59X 4 Jan 0925 511.4 519.4 8.0 511.4 520.51 9.11 114 8
60X 4 Jan 1110 519.4 527.4 8.0 519.4 527.03 7.63 95 6
61X 4 Jan 1240 527.4 535.4 8.0 527.4 535.80 8.40 105 8
62X 4 Jan 1435 535.4 543.4 8.0 535.4 542.78 7.38 92 6
63X 4 Jan 1620 543.4 551.4 8.0 543.4 552.24 8.84 111 8
64X 4 Jan 1815 551.4 559.4 8.0 551.4 560.03 8.63 108 7
65X 4 Jan 2020 559.4 567.4 8.0 559.4 565.29 5.89 74 5
66X 4 Jan 2245 567.4 575.4 8.0 567.4 573.24 5.84 73 5
67X 5 Jan 0105 575.4 585.1 9.7 575.4 584.26 8.86 91 7
68X 5 Jan 0315 585.1 594.8 9.7 585.1 593.83 8.73 90 7
69X 5 Jan 0500 594.8 604.5 9.7 594.8 603.24 8.44 87 7
70X 5 Jan 0640 604.5 614.2 9.7 604.5 614.52 10.02 103 9
71X 5 Jan 0830 614.2 623.9 9.7 614.2 623.93 9.73 100 8
72X 5 Jan 1030 623.9 630.4 6.5 623.9 631.16 7.26 112 6
73X 5 Jan 1240 630.4 640.1 9.7 630.4 639.10 8.70 90 7
74X 5 Jan 1430 640.1 649.8 9.7 640.1 649.20 9.10 94 8
75X 5 Jan 1615 649.8 659.5 9.7 649.8 659.69 9.89 102 8
76X 5 Jan 1845 659.5 667.2 7.7 659.5 665.99 6.49 84 6
77X 5 Jan 2215 667.2 672.6 5.4 667.2 667.56 0.36 7 1

353-U1445B-
1H 7 Jan 0225 0.0 4.5 4.5 0.0 4.53 4.53 101 4
2H 7 Jan 0330 4.5 14.0 9.5 4.5 13.77 9.27 98 8
3H 7 Jan 0415 14.0 23.5 9.5 14.0 23.53 9.53 100 8
4H 7 Jan 0455 23.5 33.0 9.5 23.5 33.56 10.06 106 8

353-U1445C-
1H 7 Jan 0635 0.0 4.4 4.4 0.0 4.48 4.48 102 4
2H 7 Jan 0730 4.4 12.4 8.0 4.4 12.39 7.99 100 7
3H 7 Jan 0815 12.4 21.9 9.5 12.4 21.17 8.77 92 7
4H 7 Jan 0855 21.9 31.4 9.5 21.9 31.56 9.66 102 8
5H 7 Jan 0940 31.4 40.9 9.5 31.4 41.08 9.68 102 8
6H 7 Jan 1025 40.9 50.4 9.5 40.9 50.54 9.64 101 8
7H 7 Jan 1115 50.4 59.9 9.5 50.4 59.64 9.24 97 9
8H 7 Jan 1200 59.9 69.4 9.5 59.9 69.96 10.06 106 8
9H 7 Jan 1430 69.4 78.9 9.5 69.4 79.15 9.75 103 8
10H 7 Jan 2210 78.9 88.4 9.5 78.9 88.43 9.53 100 9
11H 7 Jan 2320 88.4 97.9 9.5 88.4 95.62 7.22 76 7
12H 8 Jan 0720 97.9 107.4 9.5 97.9 107.08 9.18 97 8
13H 8 Jan 0915 107.4 116.9 9.5 107.4 117.16 9.76 103 8
14H 8 Jan 1000 116.9 126.4 9.5 116.9 126.88 9.98 105 8
15H 8 Jan 1045 126.4 135.9 9.5 126.4 136.34 9.94 105 8
16H 8 Jan 1130 135.9 145.4 9.5 135.9 145.81 9.91 104 11
17H 8 Jan 1220 145.4 154.9 9.5 145.4 155.19 9.79 103 8
18H 8 Jan 1305 154.9 164.4 9.5 154.9 164.74 9.84 104 8
19H 8 Jan 1350 164.4 172.9 8.5 164.4 173.69 9.29 109 8
20H 8 Jan 1520 172.9 182.4 9.5 172.9 182.70 9.80 103 9
21H 8 Jan 1610 182.4 191.9 9.5 182.4 192.29 9.89 104 8
22H 8 Jan 1730 191.9 201.4 9.5 191.9 201.76 9.86 104 8
23H 8 Jan 1835 201.4 210.9 9.5 201.4 210.43 9.03 95 9
24H 8 Jan 1930 210.9 218.2 7.3 210.9 218.28 7.38 101 8

Core
Date 

(2015)
Time          

UTC (h)

Depth DSF (m)

Interval 
advanced (m)

Depth CSF (m)

Length of core 
recovered (m)

Recovery 
(%)

Sections 
(N)

Top of cored 
interval

Bottom of cored 
interval

Top of cored 
interval

Bottom of cored 
interval

Table T1 (continued). (Continued on next page.)
IODP Proceedings 4 Volume 353



S.C. Clemens et al. Site U1445
After coring operations were completed, the hole was displaced
with heavy mud. The pipe trip out of the hole was delayed for 3 h
while a hydraulic dump valve was replaced on the iron roughneck
power unit. The bit cleared the rig floor at 0430 h on 10 January.
The rig was secured for transit, and the sea voyage to Site U1446
(proposed Site BB-7) began at 0548 h on 10 January.

Lithostratigraphy
Sediments recovered from Holes U1445A–U1445C are princi-

pally composed of hemipelagic clays with a significant biogenic
component, as well as occasional thin turbidites, of Late Pleistocene
(Holocene?) to late Miocene age. Lithostratigraphic units are de-
fined predominantly by changes in lithology (as identified by visual
core description and smear slide observations), with supporting in-
formation from physical property and X-ray diffraction (XRD) data
(Figures F3, F4, F5, F6, F7, F8). The observed lithologic differences
between units are mainly the result of the varying abundance of bi-
osilica, principally diatoms, which influences the physical property
data primarily through the dilution of the lithogenic components,
particularly in Subunit Ib (Figure F4). Lithologic descriptions are
based primarily on sediments recovered from Hole U1445A, sup-
plemented with observations from Hole U1445C.

Because of the homogeneous nature of the sediments, only one
stratigraphic unit is recognized, divided into two subunits (Ia and
Ib) primarily based on nannofossil and biosilica content (Figure F3).
Subunit Ia is a 165 m thick sequence of Late Pleistocene (Holo-
cene?) to Middle Pleistocene olive-gray to dark greenish gray clay
with biosilica, as well as clay with nannofossils, with occasional beds
of biosilica-rich clay. Foraminifers are a persistent but variable com-
ponent of the smear slides in Subunit Ia. Subunit Ib is a 502 m thick
sequence, the top of which is defined by the first downcore occur-
rence of biosilica-rich clays in Hole U1445A. Subunit Ib is domi-
nated by very dark greenish gray biosilica-rich clay with glauconite,
with significant intervals of increased diatom content between 160
and 330 m core depth below seafloor, Method A (CSF-A). Foramin-
ifers and nannofossils are much less common in Subunit Ib than in
Subunit Ia but are present in small numbers throughout, particu-
larly between ~570 and 670 m CSF-A where an increase in calcare-
ous nannofossils is observed. Thin (~2–20 cm thick) turbidites are
present in sediments from both Subunits Ia and Ib, varying in com-
position from silt-sized quartz-rich silt/sands to foraminifer-rich
sands, with occasional bioclastic-rich sands. Occasional soupy or

mousselike intervals, characteristic of gas hydrate dissociation, were
identified in sediments recovered using the APC system in Holes
U1445A–U1445C from both Subunits Ia and Ib. Overall, cores from
Hole U1445C were considerably less disturbed by drilling distur-
bance and gas expansion than those recovered from Hole U1445A
at equivalent depths, possibly due to reduced heave during Hole
U1445C operations.

Subunit Ia
Intervals: 353-U1445A-1H-1, 0 cm, through 18H-5, 141 cm; 

353-U1445B-1H-1, 0 cm, through 4H-CC, 22 cm; 
353-U1445C-1H-1, 0 cm, through 19H-1, 88 cm

Depths: Hole U1445A = 0–165.28 m CSF-A; 
Hole U1445B = 0–33.56 m CSF-A; 
Hole U1445C = 0–164.82 m CSF-A

Age: Late Pleistocene (Holocene?) to Middle Pleistocene
Major lithology: clay with biosilica and clay with nannofossils
Minor lithology: biosilica-rich clay, foraminifer-rich sand, foramin-

ifer-rich silt, silt with sand, and volcanic ash

Subunit Ia comprises a ~165 m thick succession of olive-gray
(5Y 5/2) to dark greenish gray (GLEY 1 4/10Y) clay with biosilica
and clay with nannofossils (Figures F3, F4). There is a persistent
foraminiferal component throughout Subunit Ia that peaks at
around 3%–15% in the uppermost 100 m (Figure F5). Calcareous
nannofossils make up ~5%–15% of the sediments in the top 100 m,
gradually decreasing to ~5% by 165 m CSF-A at the base of the sub-
unit. Biosilica, a common component of this sequence, is predomi-
nantly composed of whole and fragmented diatoms with occasional
radiolarians, sponge spicules, and rare silicoflagellates. The biosilica
content first decreases from ~15%–25% at the top of the subunit to
5%–15% at 100 m CSF-A before beginning to rise again, becoming
consistently >35% of the sediment at the base of the subunit at 165
m CSF-A (Figure F5). Readily identifiable diatoms generally com-
prise <5% of the sedimentary components in Subunit Ia. Clay min-
eral content has an opposite downcore trend to that of biosilica,
ranging from 30% to 65% throughout. Fine-grained quartz is sys-
tematically found as a minor component within the clay lithologies,
generally ranging from 1% to 7% but peaking at 10%–15% between
140 and 165 m CSF-A near the base of the subunit. The biosilica-
rich clays are generally homogeneous in terms of both texture and
color, with few sedimentary or biogenic structures visible.

25X 8 Jan 2210 218.2 227.2 9.0 218.2 226.29 8.09 90 7
26X 8 Jan 2310 227.2 233.2 6.0 227.2 236.22 9.02 150 8
27X 9 Jan 0010 233.2 239.2 6.0 233.2 238.87 5.67 95 5
28X 9 Jan 0110 239.2 247.2 8.0 239.2 248.14 8.94 112 9
29X 9 Jan 0255 247.2 252.2 5.0 247.2 251.19 3.99 80 4
30X 9 Jan 0350 252.2 260.2 8.0 252.2 259.05 6.85 86 6
31X 9 Jan 0435 260.2 268.2 8.0 260.2 266.48 6.28 79 5
32X 9 Jan 0520 268.2 276.2 8.0 268.2 275.84 7.64 96 7
33X 9 Jan 0600 276.2 281.2 5.0 276.2 281.42 5.22 104 5
34X 9 Jan 0650 281.2 289.2 8.0 281.2 288.10 6.90 86 7
35X 9 Jan 0745 289.2 297.2 8.0 289.2 298.25 9.05 113 8
36X 9 Jan 0840 297.2 305.2 8.0 297.2 305.48 8.28 104 8

Core
Date 

(2015)
Time          

UTC (h)

Depth DSF (m)

Interval 
advanced (m)

Depth CSF (m)

Length of core 
recovered (m)

Recovery 
(%)

Sections 
(N)

Top of cored 
interval

Bottom of cored 
interval

Top of cored 
interval

Bottom of cored 
interval

Table T1 (continued).
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S.C. Clemens et al. Site U1445
Thin turbidites, ~3–15 cm thick, are visible throughout Subunit
Ia and fall into three main types: light gray well-sorted quartz-rich
silt; olive-brown silty sand, including foraminifer-rich sand, with
silt; and quartz-dominated medium to coarse sand with shelly bio-
clasts and foraminifers (Figures F9, F10, F11). More turbidites were
observed in the upper 80 m of the sequence (~10–15 per core) than

between 80 and 165 m CSF-A (~5 per core). The proportion of fine
quartz turbidites increased between 0 and 100 m CSF-A, whereas
the number of foraminifer-rich turbidites decreased, with the trend
reversing between 100 and 165 m CSF-A (Figure F11). Authigenic
pyrite, as framboids and octahedral individual crystals or as aggre-

Figure F3. Lithostratigraphic summary, Site U1445. All unit divisions are plotted relative to Hole U1445A. Details of each core are available in the visual core
description logs.
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gates, is commonly observed in both types of turbidites but is less
common in the foraminifer-rich turbidites (Figure F12).

One vitric ash, ~10 cm thick and likely to be the latest Toba
eruption of ~75 ka, was identified in both Holes U1445A and
U1445B at 13.83–13.93 m CSF-A but was not recovered in Hole
U1445C (Figures F3, F8). One interval of clayey calcareous ooze,
rich in fine-grained authigenic carbonate, was correlated between
Holes U1445A and U1445C at ~100 m CSF-A (Figure F3).

Drilling disturbance is generally slight to moderate in the sec-
tions recovered using the APC system (Cores 353-U1445A-1H
through 24H, 353-U1445C-1H through 4H, and 353-U1445C-1H
through 24H), characterized by voids, gas expansion cracks, and oc-
casional mousselike and soupy intervals related to gas hydrate dis-
sociation (Figure F8). Disturbance is noticeably less prominent in
Holes U1445B and U1445C than in Hole U1445A, with fewer voids
and cracks observed.

Subunit Ib
Intervals: 353-U1445A-18H-5, 141 cm, through 77X-CC, 36 cm; 

353-U1445C-19H-1, 88 cm, through 36X-CC, 44 cm
Depths: Hole U1445A = 165.28–667.56 m CSF-A; 

Hole U1445C = 164.82–305.48 m CSF-A
Age: Middle Pleistocene to late Miocene
Major lithology: biosilica-rich clay with glauconite and diatom-rich 

clay with glauconite
Minor lithology: biosilica-rich clay with silt, biosilica-rich clay with 

nannofossils, biosilica-rich clay, diatom-rich clay with silt, 

biosilica-rich clay with silt, clay with biosilica, silty sand, 
silty sand with foraminifers, and clayey silt

Subunit Ib is a ~502 m thick succession of very dark gray (GLEY
1 3/N) to very dark greenish gray (GLEY 1 3/10GY) to greenish
black (GLEY 1 2.5/10Y) biosilica-rich clay with glauconite. Calcare-
ous nannofossil content is low throughout, averaging 1%–5%, but
increasing to 15% between 590 and 640 m CSF-A (Figure F5). Fora-
minifers are present throughout but in low numbers, averaging 1%–
3% of the sediment. Biosilica is a constant, and in some cases, domi-
nant component of Subunit Ib, increasing from 20%–30% of the
sediment at 165 m CSF-A to 40%–55% at 275–320 m CSF-A and
remaining >20% for the remainder of the subunit downhole. Several
intervals show a large increase in diatom abundance, particularly
between 165–175 and 275–424 m CSF-A, where well-preserved and
diverse assemblages of diatoms often comprise >25% of the sedi-
ment. Clay mineral content varies between 20% and 65%, reaching a
low between 260 and 295 m CSF-A due to dilution by the increased
biosilica content. Fine-grained quartz is a persistent minor compo-
nent of the clays, generally ranging from 2% to 7% and peaking at
>10% between 165–208 and 540–560 m CSF-A.

Although generally homogeneous, the biosilica-rich clays in
Subunit Ib show more mottling and bioturbation than those in Sub-
unit Ia, ranging from centimeter-sized Planolites to smaller Chon-
drites and Zoophycos trace fossils. The bioturbation is made more
visible by the increased proportion of browner clay as a minor li-
thology, which appears as infilled burrows or irregularly shaped thin
beds. XRD and smear slide data reveal that the browner sediment is

Figure F4. Lithostratigraphic summary with selected physical property and geochemical data from Holes U1445A–U1445C. See Figure F3 for graphic lithology
key. MS = magnetic susceptibility, NGR = natural gamma radiation.
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more carbonate rich (up to 10% nannofossils) (Figure F9). The pri-
mary observed variability within bulk XRD samples is in the relative
intensity of the calcite peak, corresponding to changes in abun-
dance of calcareous fossil components (Figure F13). Illite is the
most prominent peak in XRD analyses of oriented clay aggregates,
with smectite, chlorite, and kaolinite peaks present as more minor
components (Figure F14). Occasional rip-up clasts of pale greenish
gray nannofossil ooze are found in Subunit Ib, dated as Miocene and
Oligocene age (see Biostratigraphy).

Thin turbidites are present in Subunit Ib, with the same mixture
of compositions from quartz silt to foraminifer-rich sand as was
seen in Subunit Ia (Figures F9, F10, F11). The apparent decrease in
the number of turbidites per core between 220 and 270 m CSF-A

may be an artifact of the poorer recovery obtained during XCB
drilling in Hole U1445A, as this decrease is less pronounced at
equivalent depths in Hole U1445C where recovery is improved.
Turbidite thickness increases between 550 and 650 m CSF-A. Nota-
bly, some of the coarser sandy turbidites in Subunit Ib contain large
bioclastics, including fragments of corals and bivalves, indicative of
transport and reworking of sediments from very shallow water.

Many cores in Subunit Ib were recovered using the XCB system,
so the drilling disturbance is more severe than for Subunit Ia. Mod-
erate to severe biscuiting is present throughout with occasional
soupy or mousselike intervals indicative of the presence of gas hy-
drates.

Figure F5. Smear slide data, Holes U1445A and U1445C. See Figure F3 for graphic lithology key.
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Figure F6. Line-scan images of main lithologies, Site U1445. A. Clay with nan-
nofossils, Subunit Ia. B. Clay with biosilica, Subunit Ib. C. Diatom-rich clay,
Subunit Ib. D. Biosilica-rich clay, Subunit Ib.

353-U1445C-2H-2
18-32 cm

353-U1445C-13H-4
58-72 cm

353-U1445C-24H-5
61-75 cm

353-U1445A-65X-4
85-99 cm

A

CC

B

D

Figure F7. Photomicrographs of the main lithologic types, Site U1445.
A, B. Clay with nannofossils, Subunit Ia. C, D. Clay with biosilica, Subunit Ia.
E, F. Diatom-rich clay with glauconite, Subunit Ib. PPL = plane-polarized
light, XPL = cross-polarized light.

353-U1445B-1H-3, 89 cm (PPL) 353-U1445B-1H-3, 89 cm (XPL)

353-U1445A-14H-6, 100 cm (PPL) 353-U1445A-14H-6, 100 cm (XPL)

353-U1445A-32X-1, 71 cm (PPL) 353-U1445A-32X-1, 71 cm (XPL)

100 µm100 µm

100 µm100 µm

100 µm100 µm

A B

D

E F

100 µm

100 µm

100 µm100 µm100 µm

C

IODP Proceedings 9 Volume 353



S.C. Clemens et al. Site U1445
Figure F8. Line-scan images, Site U1445. A, B. Volcanic ash associated with
the Toba eruption. C. Authigenic pyrite nodule in nannofossil clay. D. Nanno-
fossil ooze clasts in biosilica-rich clay with glauconite. E. Lineation indicating
possible fault fracture. F. Minor fault with displacement of turbidite sand.
G. Severe core disturbance (vertical cracks) because of gas expansion.
H. Severe mousselike core disturbance because of hydrate dissociation.

AA

353-U1445A-2H-5
93-103.5 cm

353-U1445A-2H-5
93-103.5 cm

BB

353-U1445B-2H-6
42-50 cm

353-U1445B-2H-6
42-50 cm

CC

DD

353-U1445A-53X-2
58-63 cm

353-U1445A-53X-2
58-63 cm

EE

353-U1445A-67X-3
6-10.5 cm

353-U1445A-67X-3
6-10.5 cm

FF

353-U1445C-18H-5
56-62.5 cm

353-U1445C-18H-5
56-62.5 cm

HH

353-U1445A-21H-1
45-55 cm

353-U1445A-21H-1
45-55 cm

GG

353-U1445A-3H-4
87-102 cm

353-U1445A-3H-4
87-102 cm

353-U1445C-8H-2
103-106 cm

353-U1445C-8H-2
103-106 cm

Figure F9. Photomicrographs of minor sedimentary components, Site
U1445. A, B. Volcanic ash associated with the Toba eruption. C, D. Clayey
authigenic carbonate–rich ooze. E, F. Foraminifer-rich sand with quartz.
G, H. Quartz-rich well-sorted silt with feldspar.
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Figure F10. Representative turbidite compositions, Site U1445. A. Quartz-
rich turbidite. B. Coarse-grained turbidite with foraminifers. C. Turbidite with
shell fragments. D. Turbidite with gray and green clasts.
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Figure F11. Turbidite abundance and thicknesses, Hole U1445C. Qz = quartz.
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Figure F13. XRD diffractograms showing the difference in calcite content between the main dark gray lithology and the more nannofossil-rich browner minor
lithology (353-U1445A-60X-3, 92–108 cm).
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Biostratigraphy
Calcareous and siliceous microfossils are present in Hole

U1445A with variable downcore abundance trends. Calcareous
nannofossils are present throughout the recovered sections, and
their preservation is good to moderate. Abundances vary between
rare (<1% of sediment particles) and abundant (>50% of sediment
particles), although in most samples nannofossils represent around
10% of sediment particles. Abundances of carbonate microfossils
are generally higher in lithostratigraphic Subunit Ia (0–165.28 m
CSF-A).

Foraminifers are dominant to abundant in the upper 188 m in
Hole U1445A. Abundance decreases rapidly deeper than 188 m
CSF-A and falls to few or rare deeper than 290 m CSF-A. Samples
353-U1445A-48X-CC (432.70 m CSF-A) and 77X-CC (667.43 m
CSF-A) are barren of foraminifers. Preservation is good to moderate
with three exceptions: Samples 29X-CC (271.20 m CSF-A) and 30X-
CC (280.83 m CSF-A) of the late Pliocene and Sample 75X-CC
(659.66 m CSF-A) of the late Miocene show poor preservation.

Strong variations in abundance and shifts in the diatom assem-
blage species composition will help to reconstruct paleoceano-
graphic changes in the Mahanadi basin. Diatom valve preservation
ranges from good to poor and tends to be better when abundance is
higher.

The age model for Site U1445 was established by combining cal-
careous nannofossil, planktonic foraminifer, and diatom datums
with paleomagnetic reversal datums. The oldest calcareous nanno-
fossil sample studied (Sample 353-U1445A-77X-CC) contains Dis-

coaster quinqueramus and Discoaster berggrenii, suggesting an age
between 5.59 and 7.53 Ma. The oldest planktonic foraminifer datum
encountered is the first occurrence (FO) of Globorotalia margaritae
(5.57 Ma) in Sample 71X-CC. Globigerinoides conglobatus is found
in the deepest nonbarren sample (76X-CC), suggesting that the
basal age of Hole U1445A is between 5.57 and 6.20 Ma. The oldest
diatom datum is the last occurrence (LO) of Nitzschia miocenica
(5.7 Ma), which is found between Samples 71X-1W, 76–77 cm, and
71X-3W, 75 cm (614.96 and 617.96 m CSF-A).

Calcareous nannofossils
Calcareous nannofossils were examined in all core catcher sam-

ples from Hole U1445A. Additional split core samples from Hole
U1445A were examined to refine the depth of biostratigraphic da-
tums once they were defined between two core catcher samples.
Semiquantitative species abundance estimates for all core catcher
samples are shown in Table T2. Pleistocene to late Miocene nanno-
fossil assemblages are typical of tropical/subtropical paleoenviron-
ments and include common Florisphaera profunda, Gephyrocapsa
spp., Reticulofenestra spp., Sphenolithus spp., Discoaster spp., Heli-
cosphaera spp., Calcidiscus spp., and Umbilicosphaera spp. This
permitted the construction of a relatively high resolution strati-
graphy using this fossil group (Table T3; Figure F15). Although
etching and fragmentation of coccoliths is apparent in certain sam-
ples, no significant diagenetic overgrowth of susceptible nannofos-
sils (e.g., Discoaster and Sphenolithus) is observed under the light
microscope.

Figure F14. XRD diffractograms showing clay mineralogy from selected samples, Hole U1445A.
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Pleistocene
Well-preserved calcareous nannofossils are present throughout

the Pleistocene sedimentary section of Hole U1445A (~0–290 m
CSF-A). Nannofossils are mostly common and sometimes abundant
or rare. All Pleistocene marker species defined by Martini (1971)
and Okada and Bukry (1980) were found (Table T3), with the excep-
tion of Reticulofenestra asanoi (see Biostratigraphy in the Expedi-
tion 353 methods chapter [Clemens et al., 2016] for zonal schemes
used; all ages cited in the text and figures are those of Gradstein et
al., 2012). Emiliania huxleyi, which delineates the base of Zone
NN21 (0.29 Ma), is present in Sample 353-U1445A-7H-CC and all
shallower core catcher samples based on light microscope identifi-
cation. However, subsequent shipboard scanning electron micro-
scope (SEM) work could only confirm the presence of E. huxleyi in
Sample 2H-6W, 15 cm, and shallower; therefore, we do not use this
event in the construction of the age model. SEM work on Samples
1H-CC through 7H-CC indicates that small placoliths belonging to
the genus Reticulofenestra (probably Reticulofenestra parvula) are
common in these Late Pleistocene samples. We speculate that at
Site U1445 small Reticulofenestra species may dominate over E.
huxleyi in some Late Pleistocene intervals, as documented in sedi-
ments offshore Western Australia (Okada and Wells, 1997).

The onset of the dominance of E. huxleyi among the Noelaer-
habdaceae, which perhaps is synchronous with the crossover of
dominance between E. huxleyi and Gephyrocapsa caribbeanica
dated at 0.09 Ma in tropical waters, is recorded between Samples
353-U1445A-2H-6W, 15 cm, and 2H-4W, 15 cm. The LO of Pseu-
doemiliania lacunosa, dated at 0.44 Ma, occurs between Samples
8H-CC and 9H-2W, 90 cm (74.34 and 83.66 m CSF-A). Although
large (>5.5 μm) Gephyrocapsa oceanica coccoliths are present in a
few Late and late Middle Pleistocene samples between core catcher
Samples 1H-CC and 17H-CC, no large (>5.5 μm) Gephyrocapsa
specimens were found in deeper Middle Pleistocene samples, where
their LO is expected to occur. Other well-defined Pleistocene events

are the reentrance of medium-sized (4–5.5 μm) Gephyrocapsa spe-
cies and the FOs of Helicosphaera sellii, Calcidiscus macintyrei, Dis-
coaster brouweri, Discoaster triradiatus, Discoaster pentaradiatus,
and Discoaster surculus (Table T3; Figure F15). We note that at Site
U1445, D. triradiatus and D. surculus are usually rare where pres-
ent; therefore, limited confidence can be placed in the exact depths
of their LOs at 1.95 and 2.49 Ma, respectively.

Pliocene
The Pliocene/Pleistocene boundary (2.59 Ma) is bracketed by a

number of Discoaster LOs that are dated between 2.39 and 2.8 Ma;
we therefore place this boundary between Cores 353-U1445A-31X
and 38X. The LO of Sphenolithus species (3.54 Ma) occurs between
Samples 43X-CC and 44X-CC (391.67 and 399.87 m CSF-A). How-
ever, because only very few, possibly reworked, Sphenolithus speci-
mens were found in samples shallower than Sample 47X-3W, 22 cm
(418.61 m CSF-A), we place the LO datum between Samples 46X-
CC and 47X-3W, 22 cm (Figure F15). Discoaster asymmetricus was
almost entirely absent from the assemblage at Site U1445.

Miocene
The Miocene/Pliocene boundary (5.33 Ma) is well constrained

between Samples 353-U1445A-69X-CC and 70X-2W, 145 cm
(603.22 and 606.19 m CSF-A), based on the LO of Triquetrorhabdu-
lus rugosus (5.28 Ma) and the FO of Ceratolithus acutus (5.35 Ma) in
this interval. The LO of D. quinqueramus (5.59 Ma) occurs between
Samples 71X-4W, 144 cm, and 71X-CC (620.15 and 623.91 m
CSF‑A). Rare specimens of the nannofossil Orthorhabdus finifer,
which has a narrow range spanning the Miocene/Pliocene bound-
ary, are found in Sample 70X-CC. The oldest calcareous nannofossil
sample studied (Sample 77X-CC; 447.46 m CSF-A), contains D.
quinqueramus and D. berggrenii, suggesting an age between 5.59
and 7.53 Ma.

Rip-up clasts
Rip-up clasts, brown and green in color and ranging in size from

a few millimeters to a few centimeters, are found in several horizons
within two intervals in Hole U1445A (42–70 and 324–664 m

Table T2. Semiquantitative calcareous nannofossils abundance counts from
core catcher samples, Site U1445. Download table in .csv format.

Table T3. Calcareous nannofossil datums, Site U1445. T = top, B = bottom, Tc = top common. GTS2012 = Geologic Timescale 2012 (Gradstein et al., 2012).
Download table in .csv format.

Species event
GTS2012 
age (Ma) Site Hole

Top Bottom Midpoint 
depth 

CSF-A (m)
Depth 
± (m)Core Section

Interval 
(cm)

Depth 
CSF-A (m) Core Section

Interval 
(cm)

Depth 
CSF-A (m)

T Pseudoemiliania lacunosa 0.44 U1445 A 8H CC 74.34 9H 2A 90 74.63 74.48 0.15
B medium Gephyrocapsa spp. reentrance 1.04 U1445 A 13H CC 121.41 14H 2W 80 121.85 121.63 0.22
T Helicosphaera sellii 1.26 U1445 A 17H 4W 15 154.06 17H CC 158.97 156.51 2.45
T Calcidiscus macintyrei 1.6 U1445 A 20H 4W 15 182.28 20H 6W 15 185.29 183.79 1.50
T Discoaster brouweri 1.93 U1445 A 23H 2W 15 207.88 23H 4W 15 210.72 209.30 1.42
T Discoaster triradiatus 1.95 U1445 A 23H 4W 15 210.72 23H CC 216.38 213.55 2.83
T Discoaster pentaradiatus 2.39 U1445 A 28X 6W 14 260.80 28H CC 261.49 261.14 0.34
T Discoaster surculus 2.49 U1445 A 29X CC 271.21 30X CC 280.83 276.02 4.81
Pliocene/Pleistocene boundary 2.59
T Discoaster tamalis 2.8 U1445 A 37X CC 341.71 38X CC 351.74 346.72 5.01
T Sphenolithus spp. 3.54 U1445 A 43X CC 391.67 44X CC 399.87 395.77 4.10
Tc Sphenolithus spp. 3.54 U1445 A 46X CC 416.08 47X 3W 22 418.61 417.34 1.27
T Reticulofenestra pseudoumbilicus 3.7 U1445 A 50X 4W 129 444.03 50X CC 448.44 446.23 2.20
T Ceratolithus acutus 5.04 U1445 A 66X 3W 119 571.61 66X CC 573.22 572.41 0.80
B Ceratolithus cristatus 5.12 U1445 A 66X CC 573.22 67X CC 584.24 578.73 5.51
T Triquetrorhabdulus rugosus 5.28 U1445 A 69X CC 603.22 70X 2W 145 606.19 604.70 1.49
Pliocene/Miocene boundary 5.33
B Ceratolithus acutus 5.35 U1445 A 69X CC 603.22 70X 2W 145 606.19 604.70 1.49
T Discoaster quinqueramus 5.59 U1445 A 71X 4W 144 620.15 71X CC 623.91 622.03 1.88
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CSF‑A) and corresponding depths in Hole U1445C (Figure F16).
Sedimentological analyses suggest high abundances of nannofossils
in some rip-up clasts, whereas in others they are comparable to
those characterizing the surrounding sediment. We collected tooth-

pick samples from several clasts (from Holes U1445A and U1445C)
rich in nannofossils and examined the assemblages to determine
their age. We also sampled and examined the matrix immediately
surrounding the rip-up clasts. Within the constraints of the time

Figure F15. Summary of biostratigraphic events identified in Hole U1445A. T = top (last occurrence), B = bottom (first occurrence), LO = last occurrence, FO =
first occurrence. For biozone schemes used, see Biostratigraphy in the Expedition 353 methods chapter (Clemens et al., 2016).
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resolution attainable by nannofossil biostratigraphy, the matrix sur-
rounding the clasts was of the same age as the sediment above and
below the horizons containing the clasts.

The rip-up clasts were rich in well-preserved nannofossils, and
nannofossil abundance was much higher than in sediments sampled
throughout the cores in Site U1445. This suggests that the rip-up
clasts originate from an environment characterized by a much
lower rate of siliciclastic input than the late Miocene to recent sedi-
ments recovered from Site U1445.

A brown rip-up clast (Sample 353-U1445-67X-3W, 80 cm) con-
tained an assemblage that was very similar to that in the core
catcher of the same core, including the rare marker species C.
acutus that has a short stratigraphic range between 5.04 and 5.35
Ma. The ages of other rip-up clasts examined range between late
Eocene and late Miocene. We were able to assign ages to clasts with
variable precision, depending on the presence or absence of marker
species. Ages of rip-up clast samples and their stratigraphic posi-
tions are summarized in Table T4.

Planktonic foraminifers
Planktonic foraminifer biostratigraphy of the Pleistocene to late

Miocene section of Site U1445 is based on the shipboard study of
core catcher samples from Hole U1445A. Planktonic foraminifer
distribution in Hole U1445A is shown in Table T5. The absolute
ages assigned to biostratigraphic datums listed in Table T6 follow
the references given in Table T2 in the Expedition 353 methods
chapter (Clemens et al., 2016).

Planktonic foraminifer percentages are high (mean = 86.4%) in
the upper 158.97 m CSF-A but lower (mean = 59.9%) through the

remaining Hole U1445A core catcher samples. The total number of
foraminifers per 10 cm3 raw sediment is highly variable, ranging
from 0 to more than 24,000, with a marked decrease deeper than
180 m CSF-A. The number of benthic foraminifers per 10 cm3 raw
sediment follows the same pattern, averaging 1667 in the upper-
most 180 m and 129 in deeper samples. The planktonic/benthic ra-
tio, reported as percentage planktonic foraminifers of the total
foraminifer assemblage, and the number of benthic foraminifers
and total foraminifers found in a 10 cm3 sample are based on exam-
ination of the >150 μm size fraction of core catcher samples.

Reworking is apparent in many late Miocene through Pleisto-
cene samples. Commonly, reworking is evidenced by a range of
preservation or by a collection of species from different time peri-
ods within a single sample. In some Pleistocene samples, however,
reworking is indicated only by the artificially extended ranges of
some index species. It is possible that some reworked specimens of
similar age and preservation to the nonreworked specimens were
not identified. The presence of small turbidites and rip-up clasts
throughout Hole U1445A, in combination with the large sample
size (100 cm3) utilized for foraminiferal study, may explain the com-
monness of reworked species at this site.

Pleistocene
Pleistocene planktonic foraminifer assemblages were recovered

from Samples 353-U1445A-1H-CC through 28X-CC (6.90–261.49
m CSF-A). Foraminiferal assemblages are dominant and generally
well preserved. Planktonic assemblages are dominated by the tropi-
cal to warm subtropical species Pulleniatina obliquiloculata, Globi-
gerinoides ruber, Globigerinoides sacculifer, Globigerinoides trilobus,
Globigerinita glutinata, and Neogloboquadrina dutertrei as well as
the temperate species Globigerina bulloides. G. glutinata and N.
dutertrei, species commonly associated with upwelling zones, are
common to abundant throughout Samples 1H-CC through 20H-
CC (6.93–188.17 m CSF-A), indicating some degree of vertical mix-
ing of intermediate and deep waters during this period.

The LO of G. ruber (pink) in Sample 353-U1445A-3H-CC (25.29
m CSF-A) confirms that these sediments are older than 0.12 Ma, in
Zone PT1b. The top of Zone PT1a is placed at the LO of Globorota-
lia tosaensis in Sample 9H-CC (83.66 m CSF-A). The LO of Glob-
orotalia limbata is found in Sample 24H-CC (225.05 m CSF-A),
marking the top of Zone PL5.

Species of markedly different last appearance ages, Globigerinoi-
des obliquus (1.30 Ma), Globigerinoides fistulosus (1.88 Ma), Globi-
gerinoides extremus (1.98 Ma), Globoturborotalita woodi (2.3 Ma),
Globoturborotalita decoraperta (2.75 Ma), and Miocene species
Paragloborotalia mayeri (10.62 Ma) and Paragloborotalia kugleri
(21.12 Ma) are found in Samples 353-U1445A-9H-CC through
18H-CC (83.66–168.98 m CSF-A), which identifies this interval as a
zone of reworking. This interpretation is supported by the presence
of reworked calcareous nannofossils (Table T2) and mottled sedi-
mentary structures (see Core descriptions) in the upper 197 m.
The last appearances of G. obliquus, G. fistulosus, and G. extremus
occur either within or just below the reworking zone, making the
placement of these LO datums uncertain. These uncertainties are
shown as vertical error bars on Figure F17.

Pliocene
Pliocene planktonic foraminifer assemblages are recovered from

Samples 353-U1445A-29X-CC through 68X-CC (271.21–593.81 m
CSF-A). With few exceptions, preservation of planktonic foramini-
fers is moderate to good. Abundance is highly variable, ranging

Figure F16. Core image of a horizon containing rip-up clasts of nannofossil-
rich sediment of different ages, Hole U1445C. Matrix samples 5H-2A, 40 cm;
5H-2A, 70 cm; 5H-2A, 116 cm; 5H-2A, 140 cm; 4H-CC; and 5H-CC contain
nannofossils of the same age/zone as sediments above and below the hori-
zons containing rip-up clasts. * = age was determined for a clast of the same
color in the corresponding horizon in Hole U1445A.

353-U1445C-5H-2A
SHLF6271581
Section half

early Miocene*
NN1-NN2

late Miocene
NN11

late Eocene
NP17-NP20
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from dominant to barren. G. trilobus, G. bulloides, Dentoglobigerina
altispira, G. extremus, G. sacculifer, and G. ruber occur commonly
to abundantly in Pliocene samples.

The LO of D. altispira in Sample 353-U1445A-36X-CC (332.78
m CSF-A) defines the upper boundary of Zone PL4. This event is
diachronous, occurring at different times in the Atlantic (3.13 Ma)
and Pacific (3.47 Ma) Oceans. A younger age for this event is a bet-
ter fit to our age model. A horizontal error bar denotes this age
range on Figure F17. The LO of Sphaeroidinellopsis seminulina in
Sample 62X-CC (542.76 m CSF-A) marks top of Zone PL3, and the
LO of Globorotalia plesiotumida occurs within this zone in Sample
45X-CC (408.40 m CSF-A). The upper boundary of Zone PL2 is
marked by the LO of G. margaritae in Sample 50X-CC (448.44 m
CSF-A). The LO of Sphaeroidinellopsis kochi appears together with
the LO of Globoturborotalita nepenthes in Sample 62X-CC (542.76
m CSF-A) to mark the top of Zone PL1.

Miocene
Miocene sediments span Samples 353-U1445A-69X-CC

through 77X-CC (603.22–667.44 m CSF-A). Preservation is gener-
ally good, though planktonic foraminifers are rare. The planktonic
foraminifer assemblage is dominated by Neogloboquadrina pachy-
derma (dextral), the artificial Neogloboquadrina “dupac” intergrade,
and G. trilobus. The FO of G. margaritae in Sample 71X-CC (623.91
m CSF-A) marks the base of Zone PL1. The occurrence of G. con-
globatus in Sample 76X-CC suggests a maximum age of 6.20 Ma.

Diatoms
In order to define the sediment age and paleoenvironmental

conditions, core catchers and numerous samples from selected split
core sections from Hole U1445A were investigated (Table T7). The
absolute ages assigned to biostratigraphic datums listed in Table T8
follow the references given in Table T3 in the Expedition 353 meth-
ods chapter (Clemens et al., 2016). Figure F15 shows the age/depth
graph for Site U1445 (also shown are calcareous nannofossils and
foraminifer datums).

Diatom abundance varies between abundant and few with only a
few barren samples. Strong variations in abundance and shifts in the
species composition of the diatom assemblage will help to recon-

struct paleoceanographic changes in the eastern Bay of Bengal be-
tween the late Miocene and the Late Pleistocene. Valve preservation
is mostly good to moderate. The highly diverse diatom community
mainly consists of species typical of warm to temperate, low- to
mid-latitude ocean waters. High-productivity species, including the
coastal species Thalassionema nitzschioides var. nitzschioides, rest-
ing spores of Chaetoceros, Actinocyclus curvatulus, and Cyclotella
striata, tend to dominate when total diatom abundance is higher
than “few” (Table T7). Accompanying components of the diatom
assemblage are warm and temperate species, including Alveus
marinus, several species of Azpeitia, Rhizosolenia praebergonii,
Shionodiscus oestrupii, Thalassionema bacillare, and Thalassiosira
eccentrica. A certain degree of freshwater/land input (through
winds or river runoff ) above Site U1445 is revealed by the recurrent
presence of numerous phytoliths and several taxa of freshwater dia-
toms (Aulacoseira spp., Epithemia spp., Navicula spp., Pinnularia
spp., and Stephanodiscus spp.).

Diatom biostratigraphy
Diatoms are useful for age estimation throughout the entire sed-

imentary column of Hole U1445A. The Fragilariopsis doliolus Zone
(from 0 to 0.90–1 Ma) is recognized between Samples 353-U1445A-
1H-1W, 102 cm (1.02 m CSF-A), and 10H-CC (92.60 m CSF-A).
Within this zone the LO of Nitzschia fossilis (0.44–0.58 Ma) is rec-
ognized between Samples 8H-3W, 123–124 cm, and 8H-5W, 75 cm
(67.09–69.44 m CSF-A).

The LO of Nitzschia reinholdii (0.90–1.0 Ma) between Samples
353-U1445A-10H-CC and 11H-2W, 29 cm (92.60 and 94.09 m
CSF‑A), defines the boundary between the F. doliolus and N. rein-
holdii Zones. Within this latter zone the LO of R. praebergonii
(1.49–1.60 Ma) is observed between Samples 19H-CC and 20H-CC
(178.14 and 188.17 m CSF-A); this event divides the N. reinholdii
Zone into Subzones a and b.

The FO of F. doliolus occurs at the bottom of the N. reinholdii
zone (between Samples 353-U1445A-21H-1W, 75 cm, and 21H-CC
[188.94 and 196.83 m CSF-A], respectively), defining the boundary
between this and the R. praebergonii Zone. Within the R. praebergo-
nii Zone we found two biostratigraphic events: the LO of Thalassio-
sira convexa var. aspinosa (2.20–2.51 Ma) between Samples 25X-
2W, 54–55 cm, and 25X-4W, 52–53 cm (226.41 and 229.36 m
CSF‑A), and the LO of Nitzschia jouseae (2.6 Ma) between Samples
30X-CC and 31X-6W, 33 cm (280.83 and 288.56 m CSF-A). The lat-

Table T4. Stratigraphic position and approximate ages of rip-up clasts based on nannofossil assemblages, Site U1445.  Ages for datums used are from Grad-
stein et al. (2012). Download table in .csv format.

Site Hole Core Section

Depth 
from top of 
section (cm)

Depth
CSF-A

(m) Color

Age 
(Biozone: 

Martini, 1971) Age (Ma) Epoch

U1445 A  5H 5W 75 42.02 Green NN1–NN2 20.92–23.13 early Miocene
U1445 C 5H 2A 90 33.8 Green NP25 23.13–26.84 late Oligocene
U1445 C 5H 2A 119 34.09 Dark brown NN12 5.59–7.79 late Miocene
U1445 C 5H 2A 122 34.12 Reddish brown NP17–NN20 35.40–38.25 late Eocene
U1445 A 8H 5A 125 69.94 Green NN2 20.92–22.82 early Miocene
U1445 A 8H 5A 128 69.47 Dark brown NN1–NN2 20.92–23.13 early Miocene
U1445 C 8H 7A 34 69.01 Reddish brown NP17–NN20 34.44–38.25 late Eocene
U1445 A 36X 1W 62 324.62 Green NP25 23.21–23.13 late Oligocene
U1445 A 53X 2A 62 464.14 Green NN4 15.8–17.1 early Miocene
U1445 A 59X 1A 11 511.51 Green NN4–NN5 13.53–15.8 middle Miocene
U1445 A 67X 3W 80 579.21 Dark brown NN12 5.04–5.35 late Miocene/early Pliocene
U1445 A 68X 2W 61 587.22 Green NP24–NN25 23.13–29.62 late Oligocene
U1445 A 73X 2W 91 632.81 Green NP24–NN25 23.13–29.62 late Oligocene
U1445 A 76X 4A 29 664.22 Green NP24–NN25 23.13–29.62 late Oligocene

Table T5. Semiquantitative planktonic foraminifer abundance counts from
core catcher samples, Hole U1445A. Download table in .csv format.
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ter event coincides with the Pliocene/Pleistocene boundary (Figure
F15).

The FO of R. praebergonii (3.0 Ma) occurs between Samples
353-U1445A-34X-3W, 50–51 cm, and 34X-4W, 74–75 cm (314.07

and 315.75 m CSF-A). This event marks the boundary between the
R. praebergonii and the N. jouseae Zones (Figure F15). Two diatom
events were identified within the N. jouseae Zone (middle to early
Pliocene): the LO of Nitzschia cyclindrica (4.35 Ma) between Sam-
ples 62X-CC and 63X-4W, 71 cm (542.76 and 547.79 m CSF-A), and
the FO of N. jouseae (4.6 Ma) between Samples 63X-4W, 71 cm, and
63X-6W, 47 cm (547.79 and 550.06 m CSF-A). This latter event
marks the boundary between the N. jouseae and the Thalassiosira
convexa Zones. Two diatom events were recognized within the T.
convexa Zone: the LO of Thalassiosira miocenica (5.05 Ma) was
identified between Samples 67X-CC and 68X-CC (584.24 and
593.81 m CSF-A) and marks the boundary between Subzone b and
c of the T. convexa Zone.

The oldest diatom datum identified in Hole U1445A is the LO of
N. miocenica; this is dated at 5.7 Ma and was identified between
Samples 353-U1445A-71X-1W, 76–77 cm, and 71X-3W, 75 cm
(614.96 and 617.96 m CSF-A), suggesting that the bottom of Hole
U1445A is older than 5.7 Ma.

Sedimentation rates and age model
Age-depth relationships for Hole U1445A based on biostratigra-

phy for the three fossil groups studied (calcareous nannofossils,
planktonic foraminifers, and diatoms) show good agreement (Fig-
ure F17). A number of paleomagnetic reversals were reliably deter-
mined at Site U1445 (see Magnetostratigraphy). The match
between biostratigraphic datums and magnetochron boundary
datums is very good. Sedimentation rates in Hole U1445A are re-
markably constant over the last 6 My. The combined biostrati-
graphic/magnetostratigraphic age model indicates a mean
sedimentation rate of 11.4 cm/ky, assuming a linear fit of all data. A
number of possible interpretations of minor sedimentation rate
changes are possible based on Figure F17; however, these changes
cannot be reliably resolved until an orbital-resolution isotope strati-
graphy has been generated.

Table T6. Planktonic foraminifer datums, Hole U1445A. T = top, B = bottom. GTS2012 = Geologic Timescale 2012, (Gradstein et al., 2012). Download table in
.csv format. 

Core, section

Zone Marker event
GTS2012 
age (Ma)

Depth CSF-A (m) Depth
± (m)Top Bottom Top Bottom Midpoint

353-U1445A- 353-U1445A-
2H-CC 3H-CC PT1b T Globigerinoides ruber (pink); Indo-Pacific 0.12 16.44 25.29 20.87 4.42
8H-CC 9H-CC PT1b/PT1a T Globorotalia tosaensis 0.61 74.34 83.66 79.00 4.66
22H-CC 23H-CC PL6 T Globoturborotalita woodi 2.30 206.67 216.38 211.53 4.86
23H-CC 24H-CC PL5 T Globorotalia limbata 2.39 216.38 225.05 220.72 4.34

Pleistocene/Pliocene boundary 2.59
32X-CC 33X-CC PL5 T Globoturborotalita decoraperta 2.75 300.86 311.73 306.30 5.44
35X-CC 36X-CC PL5/PL4 T Dentoglobigerina altispira (Pacific) 3.47 325.85 332.78 329.32 3.46
41X-CC 42X-CC PL4/PL3 T Sphaeroidinellopsis seminulina (Pacific) 3.59 375.43 384.10 379.77 4.34
44X-CC 45X-CC PL3 T Globorotalia plesiotumida 3.77 399.87 408.40 404.14 4.26
49X-CC 50X-CC PL3/PL2 T Globorotalia margaritae 3.85 438.86 448.44 443.65 4.79
61X-CC 62X-CC PL2/PL1 T Globoturborotalita nepenthes 4.37 535.78 542.76 539.27 3.49
61X-CC 62X-CC PL1 T Sphaeroidinellopsis kochi 4.53 535.78 542.76 539.27 3.49

Pliocene/Miocene boundary 5.33
71X-CC 72X-CC PL1/M114 B Globorotalia margaritae 5.57 623.91 631.14 627.53 3.62
76X-CC 77X-CC M13b B Globigerinoides conglobatus 6.20 665.97 667.44 666.71 0.74

Table T7. Semiquantitative diatom abundance counts from core catcher and
split core samples, Site U1445. Download table in .csv format.

Figure F17. Biostratigraphic- and paleomagnetic reversal-based age-depth
plot, Hole U1445A. Vertical error bars show the depth range of the identified
biostratigraphic events (e.g., between two core catchers or two core sec-
tions). Some Middle and early Pleistocene foraminifer events have larger
error bars because it cannot be ascertained whether uppermost specimens
found are reworked or whether these species have a longer stratigraphic
range in the Indian Ocean compared to other ocean basins. Horizontal error
bars show the age range for certain bioevents. Color shading along the x-
axis shows the late Miocene, the early and late Pliocene, and the early, Mid-
dle, and Late Pleistocene.
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Table T8. Diatom datums, Site U1445. LO = last occurrence, FO = first occurrence. See the Expedition 353 methods chapter (Clemens et al., 2016) for calibrated
age references. Download table in .csv format.

Species event
Calibrated 
age (Ma) Mid age Site Hole

Top Bottom Midpoint 
depth

CSF-A (m)Core Section
Interval 

(cm)
Depth 

CSF-A (m) Core Section
Interval 

(cm)
Depth 

CSF-A (m)

LO Nitzschia fossilis 0.44–0.58 0.51 U1445 A 8H 3W 123–124 67.09 8H 5W 75–75 69.44 68.27
LO Nitzschia reinholdii 0.90–1.0 0.95 U1445 A 10H CC 0–5 92.60 11H 2W 29–29 94.09 93.33
LO Rhizosolenia praebergonii 1.49–1.60 1.545 U1445 A 19H CC 0–5 178.14 20H CC 0–5 188.17 183.15
FO Fragilariopsis doliolus 1.8 U1445 A 21H 1W 75–75 188.94 21H CC 0–5 196.83 192.50
LO Thalassiosira convexa var. aspinosa 2.20–2.51 2.355 U1445 A 25X 2W 54–55 226.41 25X 4W 52–53 229.36 227.89

Pliocene/Pleistocene boundary
LO Nitzschia jouseae 2.6 U1445 A 30X CC 0–5 280.83 31X 6W 33–33 288.56 284.68
FO Rhizosolenia praebergonii 3.0 U1445 A 34X 3W 50–51 314.07 34X 4W 74–75 315.75 314.91
LO Nitzschia cylindrica 4.35 U1445 A 62X CC 0–5 542.76 63X 4W 71–71 547.79 545.26
FO Nitzschia jouseae 4.6 U1445 A 63X 4W 71–71 547.79 63X 6W 47–47 550.06 548.93
LO Thalassiosira miocenica 5.05 U1445 A 67X CC 0–5 584.24 68X CC 0–5 593.81 589.02

Pliocene/Miocene boundary
LO Nitzschia miocenica 5.7 U1445 A 71X 1W 76–77 614.96 71X 3W 75–76 617.96 616.46

Geochemistry
The geochemistry of Site U1445 strongly reflects the processes

of sulfate reduction and methanogenesis associated with microbial
degradation of organic matter. Headspace and void space gas sam-
ples have high methane concentrations and high methane/ethane
ratios, suggesting that the methane is mostly of biogenic origin. Or-
ganic carbon content is as high as 3 wt% and higher carbonate con-
tent is associated with intervals of more abundant calcareous
microfossils. The interstitial water chemistry of Site U1445 reflects
reducing conditions with pore water sulfate depleted at around 18
m CSF-A. Other examples are alkalinity peaking at around 30 mM
near 50 m CSF-A and dissolved Ba increasing downhole. The influ-
ence of seawater and oxygen contamination during XCB coring is
noticeable in the profiles of some elements, most notably sulfate,
phosphate, and Fe.

Sediment gas sampling and analysis
Headspace gas samples were taken at a frequency of one sample

per core in Hole U1445A as part of the routine environmental pro-
tection and safety-monitoring program (Table T9). Headspace
methane concentration increases from 2 parts per million (ppm) at
6.0 m CSF-A, to a peak of 12,463 ppm at 23.9 m CSF-A, and de-
creases to several hundreds of parts per million by 71.6 m CSF-A.
Deeper than 71.6 m CSF-A, four methane concentration maxima
exceed 1000 ppm around 190, 370, 590, and 660 m CSF-A (Figure
F18). However, methane concentration tends to be lower in cores
that spent more time on deck before sampling, suggesting that core
processing time is a factor affecting headspace methane concentra-
tion. Ethane was detected at trace levels and shows a similar varia-
tion with methane deeper than 150 m CSF-A. Ethene was also
detected at 186.6 m CSF-A (Table T9). The methane/ethane ratio
exceeded 10,000 at 23.9 m CSF-A, decreased to about 1,000 around
250 m CSF-A, and was constant around 1,000 deeper than 250 m
CSF-A (Figure F18). The higher methane/ethane ratio suggests that
the methane is mostly of biogenic rather than thermogenic origin.

Syringe gas samples were taken from gas voids from 54.3 to
317.3 m CSF-A in Hole U1445A (Table T10). Methane concentra-
tion ranges from 0% to 65% and shows maxima around 100, 200,
and 280 m CSF-A (Figure F18). Ethane concentration ranges from 0

to 571 ppm and is highest at 289 m CSF-A. The methane/ethane
ratio shows a decreasing trend with depth.

In Hole U1445B, headspace gas samples were taken at a fre-
quency of one sample per section as part of high-resolution geo-
chemical studies (Table T11). Methane concentration is constantly
low (<22 ppm) from 1.5 to 15.5 m CSF-A, abruptly increases from
17.1 m CSF-A, and shows three concentration maxima at 20.0 (1357
ppm), 28.1 (826 ppm), and 31.1 m CSF-A (4051 ppm) (Figure F19).
The abrupt increase in methane coincides with the absence of sul-
fate ion (see Interstitial water sampling and chemistry).

Bulk sediment geochemistry
Calcium carbonate, inorganic carbon, total organic carbon

(TOC), and total nitrogen (TN) contents were determined on sedi-
ment samples from Hole U1445A (Table T12; Figure F20). CaCO3
concentration ranges between 1 and 51 wt% and tends to be higher
in lithostratigraphic Subunit Ia than in Subunit Ib (Figure F20). The
variation in CaCO3 is consistent with coccolith and planktonic fora-
minifer abundances (see Lithostratigraphy). TOC ranges between
0.8 and 3.2 wt%. TOC tends to be higher in the upper part of litho-
stratigraphic Subunit Ib than in the other intervals (Figure F20). TN
ranges between 0.15 and 0.55 wt%. TN shows a similar stratigraphic
pattern to that of TOC. The TOC/TN ratio is lower than 6, suggest-
ing that the organic matter is mostly of marine origin.

Interstitial water sampling and chemistry
Hole U1445A was analyzed for pore water chemistry at a rela-

tively coarse resolution of one sample per core for the uppermost 46
cores and every other core thereafter. Hole U1445B was sampled for
high-resolution geochemistry at a resolution of one sample per sec-
tion (150 cm resolution) for four cores (i.e., the top 32 m). Site
U1445 is broadly characterized geochemically by remineralization
of organic matter supporting a reducing, methanogenic sediment
column (Table T13). The upper 220 m in Hole U1445A was cored
with the APC system, and whole rounds for pore water squeezing
were kept under N2 during extraction of interstitial waters. After the
switch to XCB coring, whole rounds were treated under ambient air.

Table T9. Headspace gas concentrations and methane/ethane ratios, Hole
U1445A. Download table in .csv format.
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Concomitant with a sharp drawdown of sulfate are increases in
alkalinity and nutrients (Figures F21, F22). Sulfate is <1 mM by 18.5
m CSF-A, absent downcore to 220 m CSF-A, and has an abrupt and
sustained reappearance deeper than 220 m CSF-A, coincident with
XCB drilling. These values, ~1–2 mM, would represent a mixing ra-
tio of 3%–6% seawater with a pure sulfate-free end-member (likely
pore water sulfate concentration). Barium concentration increases
from zero to 150 μM at 220 m CSF-A. Deeper than 220 m CSF-A, in
XCB cores, Ba values become more variable. Alkalinity continues to
increase below the sulfate–methane transition to a peak >35 mM

Figure F18. Methane and ethane concentrations, methane/ethane ratio, and hydrogen sulfide gas concentrations, Hole U1445A.
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Table T10. Void gas concentrations and methane/ethane ratios, Hole
U1445A. Download table in .csv format.

Table T11. Headspace gas concentrations, Hole U1445B. Download table in
.csv format.

Figure F19. Headspace gas methane concentration, Hole U1445B.
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Table T12. Calcium carbonate, total organic carbon, and total nitrogen con-
tents and TOC/TN ratio, Hole U1445A. Download table in .csv format.

Figure F20. Calcium carbonate, TOC, and TN contents and TOC/TN ratio in
lithostratigraphic Subunits Ia and Ib, Hole U1445A.
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Table T13. Interstitial water chemistry, Holes U1445A and U1445B. Down-
load table in .csv format.
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around 50 m CSF-A. Deeper than 50 m CSF-A, alkalinity decreases
rapidly between 50 and 100 m CSF-A, after which it decreases grad-
ually downcore to a minimum value of 5 mM in the bottom of Hole
U1445A. Silicate and ammonium increase more gradually, reaching
broad maxima around 200–300 m CSF-A, below which both gradu-
ally decrease. Maximum silicate values are 1.8 mM and ammonium
reaches 7 mM. Bromine shows a similar profile, increasing from 1
mM near the surface to 1.4 mM between 180 and 380 m CSF-A.
Phosphate also increases to a maximum value of 160 μM at 150 m
CSF-A but, unlike the other nutrients, decreases sharply starting
around 250 m CSF-A. The phosphate profile at depth mirrors that
of Fe. Iron initially increases in the uppermost 100 m to values >30
μM but sharply decreases and then disappears deeper than 250 m
CSF-A. This may be related to the switch from sample processing
under N2 to air. Pore water Mn is initially quite high in the upper-
most core (Figures F21, F22A), with the highest value (138 μM) in
the shallowest sample (1.48 m CSF-A). Deeper than 1.48 m CSF-A,
Mn rapidly decreases to <10 μM before increasing again to a sec-
ondary maximum at about 60 m CSF-A. From 100 m CSF-A to the
bottom of the hole, Mn is generally <10 μM.

Anions and cations generally show a few sharp changes in the
near surface (meter scale) with gradual and consistent trends down-
core. Calcium sharply decreases in the uppermost three cores to a
minimum of ~3 mM. Starting around 200 m CSF-A, Ca increases
steadily to >14 mM in the bottom of Hole U1445A (680 m CSF-A).

Figure F21. Interstitial water alkalinity, PO4
3−, NH4

+, SO4
2−, Mn, and Fe, Hole

U1445B. Error bars represent two standard deviations of repeated measure-
ments of IAPSO seawater or a pore water sample (see Geochemistry and
Tables T5 and T6, all in the Expedition 353 methods chapter [Clemens et al.,
2016]).
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Figure F22. Interstitial water alkalinity, PO4
3−, NH4

+, SO4
2−, Mn, Fe, Sr, Li, B, Ca,

Mg, and Ba, Site U1445. Error bars represent two standard deviations of
repeated measurements of IAPSO seawater or a pore water sample (see
Geochemistry and Tables T5 and T6, all in the Expedition 353 methods
chapter [Clemens et al., 2016]).
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Potassium and Na show a small initial decrease, followed by de-
creasing values downcore. Potassium is >10 mM near the surface
but reaches <3 mM at 680 m CSF-A. Magnesium shows a similar,
consistent trend, decreasing from around 50 mM near the sedi-
ment/water interface to 12.8 mM at depth. This mirrors the trend in
Cl, where considerable freshening is observed (Figure F23), albeit of
a lesser magnitude than Mg or K. Therefore, part of the trend in Mg
and K is likely due to dewatering of methane hydrates during core
retrieval (see below), but the majority of the trend potentially re-
flects reactions with basement.

Finally, similar to many of the cations, B gradually decreases
downcore from 550 to <200 mM at 460 m CSF-A. However, deeper
than 460 m CSF-A, B shows a notable increase to the bottom of
Hole U1445A with values >300 μM. Lithium is low throughout Sub-
unit Ia but increases from 20 to 200 mM throughout Subunit Ib, re-
flecting a strong input at depth.

Sampling interstitial water related 
to gas hydrate

A total of 31 interstitial water (IW) samples were collected for
shipboard chloride measurements to test for a freshening signature
related to gas hydrate dissociation within the cores (Table T14). Gas
hydrate stability is pressure-temperature (P-T) dependent, and
when removed from their P-T stability zone via the coring process,
gas hydrates dissociate, drawing in heat from the surrounding envi-

ronment while releasing freshwater and expanding gas into the sys-
tem. Thus, cold thermal anomalies and low Cl values are indicative
of gas hydrate occurrence. The IW samples were selected based on
thermal infrared anomalies (see Physical properties) or mousse-
like/soupy textures identified in split-core halves by the sedimentol-
ogists. To preserve sediments for the splice efforts, most IW
samples were collected using Rhizons inserted into the cold spots
from whole-round sections or into the soupy sediments of the
working half of split-core sections. Three samples were measured
via whole-round squeezing. Most samples were found to exhibit low
Cl values (105–400 mM). These low Cl anomalies show a gradual
increase downhole and are most concentrated between Cores 353-
U1445C-18H and 353-U1445C-30H (~160–260 m CSF-A) (Figure
F23). Much of the hydrate-related sampling was limited to Hole
U1445C, which extends only to 305.5 m CSF-A. Few cold spots were
identified in Hole U1445A deeper than 305.5 m CSF-A, and drilling
disturbances related to biscuiting made split-core identification of
hydrate structures in Hole U1445A cores impossible.

Paleomagnetism
Paleomagnetic measurements were conducted on archive-half

sections (Figures F24, F25) for all three holes at Site U1445, with
alternating field (AF) demagnetization typically up to 10 mT. Dis-
crete samples (N = 219) taken from working-half sections were also
analyzed, with AF demagnetization typically up to 30 mT. Charac-

Figure F23. Chloride concentrations of hydrate associated interstitial water
(IW) compared to routinely sampled interstitial water, Site U1445.
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Table T14. Gas hydrate associated interstitial water and shipboard measure-
ments of chloride and alkalinity, Site U1445. Download table in .csv for-
mat.

Figure F24. Downhole variations in declination, inclination, and intensity,
Hole U1445A. Gray and black symbols represent data before and after 10 mT
AF demagnetization, respectively. Declinations between 16 and 225 m
CSF‑A were corrected to geographic (true) declination.
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teristic remanent magnetization (ChRM) of discrete samples was
calculated using the principal component analysis (PCA) technique
(Table T15). Additionally, the bulk magnetic properties of the dis-
crete samples were assessed.

Remanence intensities drop significantly in the uppermost 10–
20 m due to diagenetic reduction (see Bulk magnetic properties;
Figure F26). Nonetheless, we successfully produced a magnetic po-
larity stratigraphy, except for the lower part of Hole U1445A
(deeper than ~470 m CSF-A). Rock magnetic measurements on dis-
crete samples provided promising variations in the bulk magnetic
properties over the last 6 My. The significance of these trends is yet
to be evaluated; however, a periodicity, possibly on the order of
400–600 ky, may indicate astronomical-scale cyclicity.

Magnetostratigraphy
For Hole U1445A (Figure F24), Cores 353-U1445A-3H through

24H were oriented using the Icefield MI-5 tool, so we have obtained
“true” declinations between 16 and 225 m CSF-A. The declination
data after demagnetization concentrate either around 0° (360°) or
180° downhole to 149.6 m CSF-A (Core 16H) indicating magneto-
zones. Unexpectedly, the data below this depth concentrate around
110° or 290°. As this tendency is persistent from Core 17H through
24H, we interpret this as a constant offset, although we could not
identify the cause. Inclination data from discrete samples (see be-
low) indicate that 110° and 290° declinations correspond to reversed

and normal polarity respectively (i.e., the apparent offset is around
−70°). Inclination data from the archive halves were uniformly posi-
tive at generally steep angles, and they do not show changes corre-
sponding to the near-180° shifts in declination, indicating a strong
drilling-related overprint. Most of the discrete samples revealed a
reasonable ChRM (Figure F27). For the interval with orientation in-
formation, both ChRM declinations and inclinations match the po-
larity inferred by section measurements (Figure F28). As the section
measurements were relatively noisy, the end depths of magneto-
zones were often defined on the basis of discrete sample ChRM. For
XCB cores, magnetostratigraphy was solely based on ChRM incli-
nation from discrete samples.

Throughout Hole U1445A, correlations to polarity chrons are
straightforward: we simply assume that all the major subchrons ex-
cept for very short ones (i.e., C1r.2n and C1r.1n) are resolved. Ages
for each chron boundary (Table T16) were determined by correlat-
ing to the geomagnetic polarity timescale (GPTS) (Gradstein et al.,
2012). There is some ambiguity in assigning Chron C2An.2r to a re-
versed magnetozone deeper than ~360 m CSF-A. Although we did
not identify Chron C2An.1r, the close position of this magnetozone
to the Gauss/Gilbert boundary together with a short duration of
Chron C2An.1r (~80 ky) suggest that we missed Chron C2An.1r. A
supporting observation is that Sample 353-U1445A-37X-4W, 91–
93 cm (338.4 m CSF-A), although not revealing a well-defined
ChRM in PCA, shows remanence migrating to a negative inclina-
tion after 30 mT demagnetization (Figure F29). This potentially re-
flects Chron C2An.1r.

For Hole U1445C (Figure F25), Cores 353-U1445C-2H through
24H were oriented (4.4–217.67 m CSF-A). No discrete samples
were taken from this hole, and magnetostratigraphy is based en-
tirely on the archive-half measurements. Similarly to Hole U1445A,
declinations concentrate around 0° (360°) and 180° or 110° and 290°,
whereas inclination does not show systematic variability. Although
major magnetozones were clearly resolved, the position of the
Brunhes/Matuyama boundary and Subchron C1r.1n (Jaramillo) are
ambiguous. Although a major near-180° declination cluster in the
10 mT AF demagnetized data appear at ~85 m CSF-A, we consider
this as an experimental error for the following two reasons: (1) nat-
ural remanent magnetization (NRM) before demagnetization in
this interval clusters around 0° (360°), whereas NRM deeper than
~120 m CSF-A clusters around 180°, and (2) it is much shallower (20
m) than in Hole U1445A. A normal polarity magnetozone between
~109 and 116.5 m CSF-A is likely to be the Jaramillo on the basis of
the depth comparison to Hole U1445A. Unfortunately, 10 mT AF
demagnetization data are missing between 100.71 and 104.98 m
CSF-A due to a flux jump in the y-axis superconducting quantum
interference device (SQUID) in the cryogenic magnetometer and
scattered data between ~105 and 109 m CSF-A, prevent identifica-
tion of the top of Chron C1r.1r and Jaramillo. The top of Chron C2n
(Olduvai) is well resolved to 186.0–186.7 m CSF-A.

Hole U1445B is too short to reach any polarity transition. None-
theless, remanence intensities (Figure F30) show variability similar
to Holes U1445A and U1445C. Note that this variability is likely to
reflect diagenetic reactions and does not necessarily indicate the de-
positional age of the sediment.

Bulk magnetic properties
Anhysteretic remanent magnetization (ARM) (0.05 mT direct

current field, 80 mT AF), isothermal remanent magnetization
(IRM) (100, 300, and 1000 mT), and their related magnetic parame-
ters (hard isothermal remanent magnetization [HIRM] and S-ratio;

Figure F25. Downhole variations in declination, inclination, and intensity,
Hole U1445C. Gray and black symbols represent data before and after 10 mT
AF demagnetization, respectively. Declinations between 4.4 and 217.67 m
CSF-A were corrected to geographic (true) declination. The inferred polarity
pattern for Hole U1445C is also shown (black = normal polarity, white =
reversed, gray = uncertain boundary, hatched = ambiguous zone of polar-
ity).
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Table T15. Summary of discrete sample measurements, Hole U1445A. MAD = maximum angular deviation, PCA = principal component analysis. NA = not
applicable. (Continued on next two pages.) Download table in .csv format.

Core Type Section
Top offset 
CSF-A (cm)

Top depth 
CSF-A (m)

Declination 
(°)

True 
declination 

(°)
Inclination 

(°)
MAD1 

(°)
MAD3 

(°)
PCA 

anchored
PCA start 

(mT)
PCA end 

(mT)

1 H 1 87 0.87 165.3 NA 24.1 36.2 1.8 Y 10 80
1 H 3 70 3.70 155.9 NA 22.3 17.3 1.9 Y 10 30
1 H 5 40 6.40 149.9 NA 22.2 15.6 6.7 Y 10 80
2 H 2 80 9.20 178.6 NA 25.9 10.1 8.7 Y 10 80
2 H 4 110 12.50 150.6 NA 25 5.9 6 Y 10 80
2 H 6 60 15.00 150.2 NA 24.4 9.8 5.6 Y 10 30
3 H 2 75 18.65 179.2 10.6 27.5 12.3 2.4 Y 10 80
3 H 4 70 21.60 191.9 23.3 38 7.5 2.6 Y 10 20
3 H 6 53 24.43 183.2 14.6 35.7 13.5 4 Y 10 30
4 H 2 70 28.10 35.1 322.2 34.4 27.4 1.9 Y 10 30
4 H 4 55 30.97 62.7 349.8 23.9 23.9 4.4 Y 10 60
4 H 6 50 34.01 77.6 4.7 29.7 23.7 4.6 Y 10 80
5 H 2 80 37.67 170.9 50 29.5 16.5 4.4 Y 10 30
5 H 4 94 40.75 119.1 358.2 26.5 30 4 Y 10 80
5 H 6 32 43.15 100 339.1 34.5 26.8 8 Y 10 60
6 H 1 60 45.50 157.7 327.9 31 3.3 3.9 Y 10 30
6 H 3 57 48.31 147 317.2 18.7 10.4 1.5 Y 10 20
6 H 6 51 52.62 142.8 313 30.1 11.7 4.5 Y 15 60
7 H 2 104 56.87 307.5 32 37.2 20 8.8 Y 10 80
7 H 4 70 59.21 344.7 69.2 33.1 21.7 5.4 Y 10 80
7 H 6 88 62.01 22.9 107.4 23.2 25.1 5.6 Y 15 70
8 H 2 60 65.09 24.8 350.9 38.6 5.3 2.5 Y 15 40
8 H 4 52 67.75 NA NA NA NA NA NA NA NA
8 H 6 40 70.55 15.6 341.7 39.2 17.3 4.1 Y 10 20
8 H 8 85 73.81 7.8 333.9 41.4 13 6.6 Y 10 40
9 H 2 66 74.39 244.4 54.1 27.1 21 3.2 Y 10 30
9 H 4 66 77.10 235.9 45.6 41.4 31.6 4.5 Y 10 30
9 H 6 76 79.95 246.4 56.1 37.9 12.2 6.3 Y 10 80
9 H 8 46 82.57 244.4 54.1 35.6 37.9 3 Y 10 30
10 H 2 90 84.96 186.6 340.6 28.2 8.4 2.6 Y 10 30
10 H 4 111 87.99 162.3 316.3 23.3 22.2 5.6 Y 10 60
10 H 6 62 90.44 186.9 340.9 14.1 24.7 1.5 Y 10 30
11 H 2 65 94.45 303.8 178.9 –34 0 2.9 Y 70 80
11 H 4 64 96.85 106.6 341.7 57.5 11.8 5.9 Y 5 20
11 H 6 48 99.16 122.7 357.8 64.5 22.5 5.3 Y 5 30
12 H 2 27 102.62 101 331.4 64.5 42.4 10.3 Y 5 25
12 H 4 54 105.47 305.1 175.5 0.8 10.7 3.5 Y 15 30
12 H 6 29 108.13 295.6 166 –13.5 24.4 5.9 Y 10 80
13 H 2 70 113.42 260.5 336.5 33.3 17.3 6.6 Y 5 80
13 H 4 72 116.34 250.7 326.7 33.4 4.4 6.1 Y 5 20
13 H 6 117 119.81 277.6 353.6 46.1 12.7 8 Y 5 20
14 H 3 91 123.46 NA NA NA NA NA NA NA NA
14 H 5 104 126.61 NA NA NA NA NA NA NA NA
14 H 7 19 128.77 NA NA NA NA NA NA NA NA
15 H 2 85 132.76 12.7 159 69.3 8.8 12.2 Y 10 30
15 H 4 80 135.79 NA NA NA NA NA NA NA NA
15 H 6 75 138.64 NA NA NA NA NA NA NA NA
16 H 2 68 141.84 34.5 149 –0.6 9.3 6.1 Y 10 30
16 H 4 78 144.52 NA NA NA NA NA NA NA NA
16 H 6 110 147.58 NA NA NA NA NA NA NA NA
17 H 2 82 151.72 NA NA NA NA NA NA NA NA
17 H 4 123 155.14 NA NA NA NA NA NA NA NA
17 H 6 26 157.04 NA NA NA NA NA NA NA NA
18 H 2 74 161.08 268.2 111.2 –12.1 25.3 4.4 Y 10 30
18 H 4 76 163.94 NA NA NA NA NA NA NA NA
18 H 6 75 166.65 NA NA NA NA NA NA NA NA
19 H 2 60 170.44 278.5 130.9 –3 20.6 1.6 Y 15 30
19 H 4 52 173.09 277.5 129.9 –6.5 14.8 2.9 Y 10 30
19 H 7 40 177.23 270.5 122.9 –7.3 33 3.4 Y 10 30
20 H 2 64 179.94 NA NA NA NA NA NA NA NA
20 H 4 80 183.03 296.4 126.2 –1.8 27.5 3.3 Y 10 30
20 H 6 100 186.14 NA NA NA NA NA NA NA NA
21 H 2 84 189.75 51.6 282.6 50.1 18.5 12.6 Y 5 30
21 H 4 33 192.26 120.3 351.3 33.8 9.3 5.2 Y 5 30
21 H 6 112 195.34 36 267 42.6 12.4 7.8 Y 5 30
22 H 2 50 198.90 83.2 239.2 25.9 35.7 2.2 Y 5 30
22 H 4 77 201.49 152.2 308.2 44.7 29.1 5.9 Y 5 30
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22 H 6 70 204.21 NA NA NA NA NA NA NA NA
23 H 2 55 208.28 NA NA NA NA NA NA NA NA
23 H 4 35 210.92 NA NA NA NA NA NA NA NA
23 H 6 91 214.15 NA NA NA NA NA NA NA NA
24 H 2 50 217.11 NA NA NA NA NA NA NA NA
24 H 4 50 219.87 NA NA NA NA NA NA NA NA
24 H 6 81 222.88 NA NA NA NA NA NA NA NA
25 X 2 46 226.33 NA NA NA NA NA NA NA NA
25 X 4 25 229.08 NA NA NA NA NA NA NA NA
25 X 5 56 230.35 NA NA NA NA NA NA NA NA
26 X 2 51 235.82 NA NA NA NA NA NA NA NA
26 X 4 90 238.51 NA NA NA NA NA NA NA NA
26 X 6 68 240.63 297.6 –17.6 0 2.2 Y 20 30
26 X 8 69 242.53 318 15.7 22 7 Y 10 30
27 X 3 34 246.43 54 –14.5 6.2 2.3 Y 10 30
27 X 5 39 249.12 139.2 –21.1 24.1 7.9 Y 10 30
28 X 2 39 256.09 206.4 –2.1 6.1 14.8 Y 5 30
28 X 4 74 258.66 339.2 –9.5 0 2.5 Y 20 30
28 X 6 2 260.68 NA NA NA NA NA NA NA NA
29 X 2 115 266.09 NA NA NA NA NA NA NA NA
29 X 4 47 268.39 NA NA NA NA NA NA NA NA
29 X 6 36 270.65 201.3 –3.5 14 4.2 Y 10 30
30 X 2 47 274.65 300.7 5.4 30.7 4.6 Y 10 30
30 X 4 36 277.02 18.4 42.3 28.9 1.7 Y 15 30
30 X 6 35 279.16 280.6 20.4 9.6 3.7 Y 15 30
31 X 2 69 285.40 86.9 35.1 16.4 5.5 Y 5 30
31 X 4 29 287.23 156.3 29.9 8.2 7.3 Y 5 30
31 X 6 50 288.73 195.2 21.8 11.7 5.2 Y 5 30
32 X 2 97 295.38 193.4 20.5 6 2.3 Y 10 30
32 X 4 35 297.50 304.6 23.4 34.4 4.9 Y 10 30
32 X 6 26 300.01 208.6 24.2 2.2 1.6 Y 10 20
33 X 2 15 304.08 275 16.9 15.7 2.7 Y 10 30
33 X 4 92 307.82 228 21.4 29.4 2.7 Y 10 30
33 X 6 30 310.08 41 28.3 5.4 1.3 Y 10 30
34 X 2 31 312.42 97.4 18.1 4.8 5.5 Y 10 30
34 X 4 33 315.33 341.9 30.5 12.4 6.8 Y 10 30
34 X 6 36 318.22 299.4 30.3 7.1 12.5 Y 10 30
35 X 2 28 320.48 354.1 38.1 16.8 0.6 Y 15 30
35 X 4 69 323.89 96.3 26.6 18.7 6.4 Y 10 80
36 X 2 96 326.42 65.8 33.7 16.4 5.3 Y 10 30
36 X 4 37 328.64 NA NA NA NA NA NA NA NA
36 X 6 35 331.62 NA NA NA NA NA NA NA NA
37 X 2 51 335.64 NA NA NA NA NA NA NA NA
37 X 4 91 338.84 NA NA NA NA NA NA NA NA
38 X 2 82 344.62 110.8 24.2 10 11.6 Y 5 80
38 X 4 70 347.52 37.6 68.6 4.5 14.3 Y 5 30
38 X 6 84 350.48 162.1 –74.8 12.8 7.8 Y 25 80
39 X 2 64 353.54 126.4 50.3 14 3.8 Y 10 30
39 X 4 67 356.59 37.5 44.9 27.5 9.3 Y 10 80
40 X 2 104 361.94 NA NA NA NA NA NA NA NA
40 X 4 68 364.47 NA NA NA NA NA NA NA NA
41 X 2 123 370.05 159 –21.2 19.1 2.2 Y 15 40
41 X 3 112 371.46 258.7 –12.5 39.2 4.4 Y 20 40
41 X 4 115 372.99 NA NA NA NA NA NA NA NA
41 X 6 47 374.82 NA NA NA NA NA NA NA NA
42 X 2 43 377.27 142.9 34.8 8.5 7.2 Y 5 30
42 X 4 98 380.83 143.5 34.5 15.9 4.6 Y 10 30
42 X 5 13 381.49 265.5 38.3 21.9 4.7 Y 20 80
43 X 1 107 384.47 129.8 26.5 2.7 3.3 Y 10 30
43 X 4 101 388.39 98.7 39.3 30 2 Y 15 60
43 X 6 28 390.40 NA NA NA NA NA NA NA NA
44 X 2 92 393.40 316.3 56.1 24.4 2.2 Y 10 30
44 X 4 46 395.91 10.1 35.3 2.5 5.5 Y 10 30
44 X 6 30 398.74 196.9 22.2 35 5 Y 10 80
45 X 2 104 401.83 128.1 28.6 31.5 4.5 Y 10 30
45 X 4 51 404.28 252.3 –45.2 16.1 2.5 Y 40 80
45 X 6 89 407.65 NA NA NA NA NA NA NA NA
46 X 2 78 409.68 6.9 –15.5 18.4 4.9 Y 20 80

Core Type Section
Top offset 
CSF-A (cm)

Top depth 
CSF-A (m)

Declination 
(°)

True 
declination 

(°)
Inclination 

(°)
MAD1 

(°)
MAD3 

(°)
PCA 

anchored
PCA start 

(mT)
PCA end 

(mT)

Table T15 (continued). (Continued on next page.)
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see Paleomagnetism in the Expedition 353 methods chapter [Cle-
mens et al., 2016] for further information) were acquired on a selec-
tion of discrete samples taken from the working halves of Hole
U1445A. ARM broadly measures relative changes in the concentra-
tion of ferrimagnetic minerals, where increases in the concentration
of finer grained particles will increase ARM values much greater

than an equivalent change in coarser grained particles. IRM is a
measure of remanence acquired up to a certain applied field and
therefore depends on the mineralogy, concentration, and grain size
of ferromagnetic (sensu stricto), ferrimagnetic, and nonperfect anti-
ferromagnetic minerals. However, there is a bias toward minerals

46 X 4 68 412.58 47.8 –24 5.3 8.9 Y 10 30
46 X 5 64 414.04 NA NA NA NA NA NA NA NA
47 X 2 103 417.94 NA NA NA NA NA NA NA NA
47 X 4 94 420.71 53.8 –15.6 3 13.2 Y 15 30
47 X 6 34 422.81 NA NA NA NA NA NA NA NA
48 X 2 81 425.67 NA NA NA NA NA NA NA NA
48 X 4 40 428.26 NA NA NA NA NA NA NA NA
48 X 6 7 430.86 NA NA NA NA NA NA NA NA
49 X 2 57 433.43 NA NA NA NA NA NA NA NA
49 X 4 93 436.75 NA NA NA NA NA NA NA NA
49 X 5 105 438.37 NA NA NA NA NA NA NA NA
50 X 2 68 440.77 258.1 –42.8 20.7 11.3 Y 15 80
50 X 4 77 443.48 198.4 –8.8 38.6 4.7 Y 15 60
50 X 6 32 445.93 NA NA NA NA NA NA NA NA
51 X 2 113 449.10 52.5 22.3 2.4 8.7 Y 20 40
51 X 4 47 451.28 243 –19.9 6.2 8.2 Y 20 80
51 X 6 39 453.67 145.4 –15.4 20 2.5 Y 20 60
52 X 3 49 458.73 NA NA NA NA NA NA NA NA
52 X 4 73 460.45 NA NA NA NA NA NA NA NA
52 X 6 71 463.20 307.9 –6.2 31.9 8.9 Y 15 80
53 X 4 108 468.12 NA NA NA NA NA NA NA NA
53 X 5 61 469.15 NA NA NA NA NA NA NA NA
53 X 7 28 471.43 NA NA NA NA NA NA NA NA
54 X 2 71 472.53 NA NA NA NA NA NA NA NA
54 X 4 87 475.71 NA NA NA NA NA NA NA NA
54 X 6 27 478.11 NA NA NA NA NA NA NA NA
55 X 2 41 480.02 NA NA NA NA NA NA NA NA
56 X 2 71 489.61 193.3 75.6 12.1 2.9 Y 15 40
57 X 2 114 497.86 NA NA NA NA NA NA NA NA
57 X 6 11 502.85 NA NA NA NA NA NA NA NA
58 X 4 57 507.46 NA NA NA NA NA NA NA NA
59 X 2 39 512.19 NA NA NA NA NA NA NA NA
59 X 6 93 518.39 NA NA NA NA NA NA NA NA
60 X 4 51 524.41 54.1 59.1 6.2 8.6 Y 10 40
61 X 2 29 529.18 192.5 61.7 11.2 4.8 Y 15 40
61 X 6 27 534.76 340.4 80.3 34.7 2.8 Y 15 40
62 X 4 29 540.17 142.7 77.6 7.5 2 Y 15 40
63 X 2 97 545.12 NA NA NA NA NA NA NA NA
63 X 6 66 550.25 NA NA NA NA NA NA NA NA
64 X 4 69 556.37 345.1 61.3 5.3 9.9 Y 10 40
65 X 2 26 561.17 121.6 45.1 8.3 9.9 Y 10 80
65 X 4 86 564.78 257.8 –39.2 13.5 6.2 Y 20 80
66 X 2 46 569.37 NA NA NA NA NA NA NA NA
66 X 4 35 572.28 132.8 51.7 30.8 10.4 Y 15 40
67 X 2 47 577.37 307.1 65.3 15.1 11.6 Y 10 80
67 X 6 72 583.65 NA NA NA NA NA NA NA NA
68 X 4 101 590.63 213.9 26.5 0.9 3.3 Y 20 30
69 X 2 105 597.36 193.2 34.7 42.4 9.5 Y 30 80
69 X 4 43 599.70 NA NA NA NA NA NA NA NA
70 X 4 100 608.75 NA NA NA NA NA NA NA NA
71 X 2 123 616.93 234.5 –4.6 7.2 4.8 Y 30 80
71 X 6 50 622.21 22 59.3 29.2 2.2 Y 15 80
72 X 4 23 628.33 NA NA NA NA NA NA NA NA
73 X 4 90 635.70 308.2 28.8 5.5 7.5 Y 25 80
74 X 4 36 644.79 166.8 5.5 5.6 12.6 Y 15 80
75 X 2 85 652.11 NA NA NA NA NA NA NA NA
75 X 6 61 657.76 NA NA NA NA NA NA NA NA
76 X 4 77 664.70 NA NA NA NA NA NA NA NA

Core Type Section
Top offset 
CSF-A (cm)

Top depth 
CSF-A (m)

Declination 
(°)

True 
declination 

(°)
Inclination 

(°)
MAD1 

(°)
MAD3 

(°)
PCA 

anchored
PCA start 

(mT)
PCA end 

(mT)

Table T15 (continued).
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such as magnetite, maghemite, and greigite, which have magnetiza-
tions an order of magnitude or more than other minerals.

In addition to the whole-round and point magnetic susceptibil-
ity measurements (see Physical properties), clear signs of early dia-
genesis are recorded by the bulk magnetic parameters (Figure F26).
A significant decrease in ARM and IRM from 0 to 15 m CSF-A sug-
gests a large decrease in the concentration of ferrimagnetic minerals
(magnetite, maghemite, and greigite). HIRM equally shows a de-
crease in the upper 15 m, suggesting a decrease in the concentra-
tions of higher coercivity minerals, such as hematite and goethite.
However, unlike the low-coercivity fraction, the higher coercivity
fraction interpreted from HIRM does not display as strong a de-
crease, and this suggests a higher resistance to diagenesis. This ob-
servation strengthens the need to exploit trends in higher coercivity

iron oxides/hydroxides within sedimentary sequences, which are
often ignored or missed because of their weak magnetization. The
S-ratio depth trends also decrease, showing a “hardening” (increase

Figure F26. Variations in a selection of bulk magnetic parameters and ratios in the upper 50 m CSF-A, Hole U1445A. ARM = anhysteretic remanent magnetiza-
tion, IRM = isothermal remanent magnetization, HIRM = hard isothermal remanent magnetization.
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in the relative concentration of higher coercivity minerals to low-
coercivity minerals) of the bulk magnetic assemblage. The decrease
to near zero in ARM and IRM corresponds to the lower value (<0.7)
in S100mT. As a note, the increase in magnetization at ~11 m CSF-A
observed through each parameter is yet to be explained.

Bulk magnetic parameters were further measured to ~660 m
CSF-A (Figure F31). A downhole decrease is observed for values of
ARM, IRM, and S-ratio (excluding the clear high in S-ratio between
130 and 220 m CSF-A). This is likely due to continual diagenesis.
Generally, an increase in IRM corresponds to an increase in ARM
and a decrease in ARM/IRM (proxy for mean ferrimagnetic grain
size). These relationships indicate that bulk IRM is controlled by
coarser grained ferrimagnetic minerals.

The S-ratio calculated with an IRM acquired at 100 mT (S100mT)
is fairly low (<0.75) and indicates that at least 25% of the remanence
up to 1000 mT (approximate saturation magnetization) is acquired
by minerals with coercivities greater than 100 mT. However, the S-
ratio calculated with an IRM at 300 mT (S300mT) is generally above

0.9, suggesting the magnetization is close to saturation by 300 mT.
Therefore, we can assume the bulk magnetic assemblage primarily
comprises minerals with coercivities up to 300 mT, such as (ti-
tano)magnetite, oxidized magnetite, maghemite, and possibly greig-
ite. This conclusion does not exclude the presence of higher
coercivity minerals, just that their concentrations are not signifi-
cantly impacting the bulk magnetic properties (such as IRM and
magnetic susceptibility values). HIRM, as mentioned, tracks the rel-
ative changes in higher coercivity mineral concentration and shows
an increasing trend with depth. This trend could be due to more re-
sistance against early diagenesis, some mineralization due to burial
diagenesis or oxidation, or a relative increase in the detrital input of
higher coercivity minerals.

Clear peaks are observed in IRM and HIRM that appear more
prominent deeper than ~300 m CSF-A. These peaks are less promi-
nent in ARM, the S-ratio, and the ratio of ARM/IRM. These obser-
vations suggest that the bulk magnetic assemblage (coarse-grained
ferrimagnetic minerals and some higher coercivity minerals) are re-
acting to astronomical-scale cyclicity. These results are encouraging
for any on-shore research into the links between mineral magnetic
variations and paleoclimate.

Table T16. Summary of magnetostratigraphy, Site U1445. Depth intervals
with a range indicate the ends of magnetozones determined by discrete
sample ChRM. NA = not applicable. Download table in .csv format. 

Hole U1445A 
chron top depth

CSF-A (m)

Hole U1445C
chron top 

depth 
CSF-A (m)

Chron 
top age 

(Ma) Chron Comments

0 0 0 C1n (Brunhes)
102.64–105.47 NA 0.781 C1r.1r (Matuyama)

109.97 (108.15–113.42) NA 0.988 C1r.1n (Jaramillo)
120.2 (119.83–141.84) NA 1.072 C1r.2r

183.03–189.75 186.35 1.778 C2n (Olduvai)
201.51–240.63 NA 1.945 C2r.1r
270.67–274.65 NA 2.581 C2An.1n (Gauss upper)
356.51–370.05 NA 3.207 C2An.2r (Mammoth) Ambiguous
371.48–377.27 NA 3.33 C2An.3n (Gauss lower)
401.85–404.28 NA 3.596 C2Ar (Gilbert)
463.22–480.2 NA 4.187 C3n.1n (Cochiti)

Figure F29. Stepwise AF demagnetization results, 338.4 m CSF-A.
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Figure F30. Downhole comparison of NRM intensity, Site U1445.
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Physical properties
Standard physical property measurements were collected at Site

U1445 from Holes U1445A–U1445C, with the addition of thermal
infrared (IR) scanning of cores on the catwalk for the detection of
temperature anomalies related to gas hydrate dissociation. Data
from Hole U1445B are presented but not discussed in this report
because this short hole was drilled for high-resolution geochemistry
sampling. Based on measurements from Holes U1445A and
U1445C, we have defined three physical property (PP) units inde-
pendent of the lithostratigraphic units, based on clear diversions in
the physical property data: Unit 1 (0–235 m CSF-A), Unit 2 (235–
408 m CSF-A), and Unit 3 (408–665 m CSF-A) (Table T17). Hole
U1445C ends at 304.26 m CSF-A. The trends up to that point show
excellent correlation with Hole U1445A data and we could define
the Unit 1/2 boundary in Hole U1445C.

Gamma ray attenuation (GRA), magnetic susceptibility (MS), P-
wave velocity (VP), and natural gamma radiation (NGR) measure-
ments were acquired on all whole-round sections using the Special
Task Multisensor Logger (STMSL), the Whole-Round Multisensor
Logger (WRMSL), and the Natural Gamma Radiation Logger
(NGRL). Whole-round sections from Hole U1445A were first run
through the STMSL (2.5 cm resolution) and WRMSL (5 cm resolu-
tion) before being taken to the core rack for thermal equilibration to
~19°C. For Hole U1445C, alternate sections were run on the
STMSL (Sections 1, 3, 5, and 7) and WRMSL (Sections 2, 4, 6, 8, and
CC) at a 2.5 cm sampling interval in order to provide the strati-
graphic correlators with near real-time hole-to-hole correlation
data. P-wave data were found to be unreliable following Core 353-
U1445A-4H because the transducer malfunctioned and was dis-
abled for the remainder of Hole U1445C. Following thermal equili-
bration, sections were logged on the NGRL. Approximately 10 cm3

sediment samples were collected from the working halves of Sec-
tions 2, 4, and 6 for moisture and density (MAD) analyses. The ar-
chive-half sections were used to collect color reflectance and point
MS data on the Section Half Multisensor Logger (SHMSL) and red,

green, and blue (RGB) data on the Section Half Imaging Logger
(SHIL). The data presented here were conditioned to remove outli-
ers (see Physical properties in the Expedition 353 methods chapter
[Clemens et al., 2016]). We present the minimum, maximum, and
mean values of all measured parameters downhole for hole-to-hole
comparison (Table T18). Downhole wireline logging was completed
at this site, and the core logger data will likely serve as a critical
bridge to connect the downhole log and core data.

Magnetic susceptibility
STMSL and WRMSL MS values recorded for Hole U1445A

showed minor variability generally between 1.33 and 33 instrument
units (IU) (Figure F32). Occasional values >33 IU are recorded. Unit
1 is characterized by higher average MS values than Unit 2 but com-
parable values to Unit 3, although there is less variability in Unit 1
than Unit 3. Lower average MS values in Unit 2 correspond with
anomalously high porosity. The STMSL and WRMSL track mea-
surements agree nicely with the SHMSL point measurements. A
slight offset exists between the STMSL MS data between Holes
U1445A and U1445C; however, the WRMSL data from Holes
U1445A and U1445C match up well. There is a large discrepancy
between the SHMSL MS data from Holes U1445A and U1445C
(Figures F32, F33) where the offset is constant with depth. It is
likely that the low MS values recorded in Unit 2 are from dilution of
the lithogenic fractions via an increase in biogenic silica, which is
further supported by the NGR data showing a similar decreasing to
increasing trend.

Natural gamma radiation
The NGR and MS long-term downhole variations follow similar

trends. There is low variability in Unit 1 with an overall decrease in
counts marking the top of Unit 2 and a return to higher counts with
higher variability in Unit 3 (Figures F32, F33, F34). Generally, clay
minerals containing K, Th, and U are the principal source of high
NGR counts. Most of Site U1445 is composed of clay, and the varia-

Figure F31. Variations in a selection of bulk magnetic parameters and ratios for the entirety of Hole U1445A. Lithostratigraphic boundaries (see Lithostratigra-
phy) are also shown.
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tions in NGR at this site are inversely related to the CaCO3 content
(see Geochemistry). Therefore, the lower NGR values in Unit 2
likely reflect a higher proportion of diatoms and biogenic silica rela-
tive to the lithogenic fractions downhole, meaning that the NGR
drop in Unit 2 represents a dilution to lithogenic clay material
rather than a flux of lithogenic material in Units 1 and 3. Because
NGR counts are sensitive to material volume, an increase in vari-

ability in Unit 3 could be related to biscuiting and an increase in gas
expansion cracks, with low measurements associated with less vol-
ume and voids. Several flakes of what appeared to be rust were visi-
bly observed within the core liner between the sediment/liner
contact in the deeper section of Hole U1445A, which likely resulted

Table T17. Physical property units, Site U1445. Download table in .csv for-
mat.

Unit
Depth CSF-A 

(m)

1 0–235
2 235–408
3 408–665

Table T18. Minimum, maximum, and mean statistics of measured physical
property data, Holes U1445A–U1445C. MAD = moisture and density, SHMSL
= Section Half Multisensor Logger, MS = magnetic susceptibility, NGR = nat-
ural gamma radiation, STMSL = Special Task Multisensor Logger, WRMSL =
Whole-Round Multisensor Logger. Download table in .csv format.

Attribute Minimum Maximum Mean

Hole U1445A
L* 17.2 40 29.41
a* –1.9 3 0.45
b* –5.2 7 0.68
Red 8.9 60 31.11
Green 8.2 59.8 30.45
Blue 8 59.3 28.82
MAD density (g/cm3) 1.33 1.98 1.63
STMSL density (g/cm3) 1.01 1.99 1.54
WRMSL density (g/cm3) 1.11 1.97 1.52
MAD porosity (%) 53.6 83.1 65.48
SHMSL MS (IU) 1 47.33 7.78
STMSL MS (IU) 2.56 73.07 12.96
WRMSL MS (IU) 3 68.67 12.96
NGR (counts/s) 24.77 74.21 43.57

Hole U1445B
L* 24.3 49.9 35.49
a* –0.9 3 0.36
b* –6.6 6.3 0.9
Red 24.3 48 36.74
Green 22.5 57.2 34.8
Blue 19 54.1 31.41
STMSL density (g/cm3) 1.1 1.74 1.47
WRMSL density (g/cm3) 1.12 1.69 1.47
SHMSL MS (IU) 3.67 68 16.21
STMSL MS (IU) 2.56 78.2 18.28
WRMSL MS (IU) 3.67 72.67 20.22
NGR (counts/s) 24.9 62.08 35.38

Hole U1445C
L* 22.7 52.6 33.95
a* –0.8 3 1.07
b* –4.3 6.9 –1.27
Red 9.5 60 30.47
Green 8.9 59.9 29.73
Blue 8.8 59 27.54
STMSL density (g/cm3) 1.18 1.73 1.53
WRMSL density (g/cm3) 1.01 1.74 1.51
SHMSL MS (IU) 0.67 78.33 13.85
STMSL MS (IU) 3.85 67.52 13.43
WRMSL MS (IU) 4.67 34.33 11.89
NGR (counts/s) 21.26 57.29 41.56

Figure F32. Physical properties showing downhole variability in magnetic
susceptibility from WRMSL, STMSL, and point SHMSL; density from WRMSL,
STMSL, and MAD (red points); porosity; and NGR, Hole U1445A.
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Figure F33. Whole-round physical properties showing downhole variability
in magnetic susceptibility from WRMSL, STMSL, and point SHMSL; density
from WRMSL and STMSL; and NGR, Hole U1445C.

0

100

200

300

400

500

600

D
ep

th
 C

S
F

-A
 (

m
)

0 50 1 1.5 2 20 40 60 80

1

2

Magnetic
susceptibility

(IU)

Density
(g/cm3)

NGR
(counts/s)

STMSL
WRMSL
SHMSL

STMSL
WRMSL

PP
unit
IODP Proceedings 30 Volume 353



S.C. Clemens et al. Site U1445
in correspondingly high NGR and MS peaks. NGR counts in Hole
U1445C Units 1 and 2 show an analogous trend to Hole U1445A
(Figures F32, F33).

GRA and MAD bulk density
Bulk density at Site U1445 was measured using (1) the GRA

method using the STMSL that provides bulk density estimates from
whole-round sections for both Holes U1445A and U1445C (Figures
F32, F33) and (2) MAD measurements on discrete samples that
provide a second, independent measure of bulk density and the dry
density, grain density, water content, and porosity from Hole
U1445A only (Figure F32). The MAD and GRA data show excellent
agreement, and because the GRA data between Holes U1445A and
U1445C are also in excellent agreement, we discuss the data from
Hole U1445A only (Figures F32, F33, F34).

The GRA bulk density values range from ~1.01 to 1.99 g/cm3,
whereas the MAD bulk density comparably ranges between 1.328
and 1.979 g/cm3. The mean MAD bulk density is 1.619 (bulk) and
2.766 g/cm3 (grain) with a minimum dry density of 0.477 g/cm3 and
a maximum dry density of 1.413 g/cm3. The porosity values vary
significantly downhole and range between 53.6% and 83.1%,
whereas the volume of the pore water content per 10 cm3 sample is
between 1.346 and 8.125 cm3 (Figure F32).

The density data are divided into three units that agree with the
MS and NGR unit depths. Density commonly increases with a cor-
responding decrease in porosity with depth, related to sediment
compaction. However, we observe a decrease in density with an in-
crease in porosity in Unit 2 possibly related to more abundant bio-
siliceous material in Unit 2. There is an abrupt return to high
density with low porosity between Units 2 and 3.

Compressional wave velocity
Compressional P-wave velocity measurements using the P-wave

logger (PWL) were performed on whole-round sections for Cores
353-U1445A-1H through 19F (0–167 m CSF-A). The P-wave values
were found to be unreliable, and we ceased taking measurements on
the remainder of the cores in Hole U1445A. P-wave data collection
was not attempted on cores from Hole U1445C.

Diffuse reflectance spectroscopy 
and digital color image

Spectral reflectance was measured on all archive halves using
the SHMSL. There are slight color variations downhole, with the
most noticeable change occurring at the Unit 1/2 boundary. L* val-
ues range from 17.2 to 40 with an average of 29.4. Reflectance a* and
b* values range between −1.9 and 3 (average = 0.45) and −5.2 to 7
(average = 0.68), respectively (Table T18). There is a stepwise
change to lower L* values at the Unit 1/2 boundary and an increase
in L* at the Unit 2/3 boundary. The Unit 1/2 boundary is not as dis-
tinct in the a* and b* plots. However, there is a broadening of the
count range in both Units 2 and 3 compared to Unit 1 (Figure F35).
Changes in color reflectance are directly related to compositional
changes and could reflect variations in clay mineralogy and water
content downhole. Biscuiting is prevalent in Cores 353-U1445A-
40X through 73X, and the increase in water content from the saw-
ing procedure used to split these cores likely increased sediment
darkness. Downhole variability in L*, a*, and b* from Holes U1445B
and U1445C are also shown (Figures F36, F37).

The SHIL data (RGB) were recorded from the surface of the split
archive halves prior to drying. The raw RGB data averages are R =
31.11, G = 30.45, and B = 28.82. A marked decrease in R, G, and B
counts occur at the Unit 1/2 boundary, which steadily increase
through Unit 3. Unit 3 has a wider color range than Units 1 or 2. The
higher G counts in Unit 3 reflect an increase in glauconite-rich clay
in Cores 353-U1445A-40X through 76X (Figure F38). Downcore
variability in RGB is also shown for Holes U1445B and U1445C
(Figures F39, F40).

Figure F34. Whole-round physical properties showing downhole variability
in magnetic susceptibility from WRMSL, STMSL, and point SHMSL; density
from WRMSL and STMSL; and NGR, Hole U1445B.
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Figure F35. L*, a*, and b* data, Hole U1445A.
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Downhole temperature
Standard downhole temperature measurements were made on

Cores 353-U1445A-4H, 7H, 10H, and 13H using the APCT-3 (Table
T19). Two additional temperature measurements were taken on
Cores 353-U1445C-20H and 22H to better constrain the geother-
mal gradient, which is calculated to be ~50°C/km (Figure F41).

Thermal infrared temperature
A FLIR thermal IR camera was used for thermal imaging of

cores on the catwalk to detect IR cold spot anomalies related to gas
hydrate dissociation. Numerous IR cold anomalies ranging from 1

to 15 cm in width were found downhole, beginning with Core 353-
U1445C-4H (Figure F42). These cold spots were used to guide pore
water sampling to test for the Cl− freshening signature of gas hy-
drate dissociation (see Geochemistry). Cold spots were mostly con-
centrated between Cores 18F and 30X (144.4 and 202 m CSF-A).

Summary
Physical property data between Holes U1445A and U1445C cor-

relate well. Change between Units 1 and 2 is likely related to a tran-
sition to a more biosilica-rich clay that began at the boundary of
these two units (see Lithostratigraphy). The MS, density, and NGR
values are lower, whereas the porosity values are high in the more

Figure F36. L*, a*, and b* data, Hole U1445B.
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Figure F37. L*, a*, and b* data, Hole U1445C. 
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 Figure F38. SHIL RGB color data, Hole U1445A. 
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Figure F39. SHIL RGB color data, Hole U1445B.
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diatom-rich clay of Unit 2. The NGR data are inversely related to the
CaCO3 content found in CARB analyses (see Geochemistry) and
likely reflect a dilution to the background clay content. Changes in
color reflectance could be a result of a change from APC to XCB
coring. There is a zone of high NGR peaks in Unit 3 that could be
related to biscuiting, where peaks correspond to biscuits and
troughs correspond to the less dense, washed out zones. Numerous
cold-spot thermal anomalies indicating gas hydrate dissociation
were found in Hole U1445C.

Downhole logging
On 6 January 2015, Hole U1445A was circulated and displaced

with 10 lb/gal mud with barite. No major problem was reported
during coring/drilling operations. The drill pipe was brought to log-
ging depth (2597.9 meters below rig floor [mbrf ]; 84.8 meters below
seafloor [mbsf]). Rig-up for downhole logging started at 1100 h
(UTC + 8 h), and ship heave was less than 0.2 m peak to peak. The
driller’s seafloor depth at the Mahanadi logging site was 2509 mbrf.
Total penetration at Hole U1445A (APC coring) was 672.6 mbsf.
Two passes were made with both the triple combo and the FMS-
sonic tool strings for better data comparison of repeatability.

Figure F40. SHIL RGB color data, Hole U1445C. 
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Table T19. Downhole temperature data from the APCT-3, Holes U1445A and
U1445C. Download table in .csv format.

Hole, core
Depth 

CSF-A (m)
Temperature 

(°C)

353-
Seafloor 0 2.45
U1445A-4H 35.46 3.8
U1445A-7H 63.57 5.27
U1445A-10H 92.39 7.19
U1445A-13H 121.12 8.61
U1445C-20H 182.52 11.87
U1445C-22H 201.52 12.68

Figure F41. Downhole temperature data, Holes U1445A and U1445C.
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Figure F42. Examples of IR cold spot anomalies, Hole U1445C. A. Anomaly is
~4.7°C cooler than surrounding sediments in section (25X-4, 7 cm). B. Anom-
aly is ~5.0°C cooler than surrounding sediments in section (29X-3, 9 cm).
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Triple combo string 
(MSS/HRLA/HLDS/APS/HNGS/EDTC/LEQT/SP)
During tool checks, the Accelerator Porosity Sonde (APS) and

related hardware, including the inline eccentralizer and the re-
quired adapters, were unable to communicate with the wireline te-
lemetry. After some discussion with the Co-Chief Scientists and
Logging Staff Scientist, the backup set was put in place and checked.
Fortunately, this combination worked, and the gamma source was
loaded following the standard protocol. The tools started down the
pipe at 1400 h. The triple combo tool string was run in the hole at
1420 h and reached seafloor depth at 1535 h. A downlog was started
approximately 50 m above seafloor, and the tool was run at a speed
of 1800 ft/h (548 m/h) while acquiring Hostile Environment Natural
Gamma Ray Sonde (HNGS) data near the seafloor. No problems
were seen running the tool string through the pipe or the bottom-
hole assembly (BHA), and the tools descended out the drill bit un-
eventfully. After passing the seafloor, the downlog was run at a log-
ging speed of 3000 ft/h (914 m/h). The triple combo tool string
reached 2957 mbrf (444 mbsf ) at 1615 h. The downlog did not uti-
lize the caliper or APS porosity because neither can be operated for
the downlog without serious operational problems. The first uplog
started at 1700 h at a logging speed of 1800 ft/h (548 m/h) up to
approximately 2645 mbrf. The borehole shape was in relatively good
condition, ranging from 12 to 14 inches (30.5 to 35.5 cm) deeper
than 237 mbsf; at shallower depths, the range increased to 14–17
inches (35.5 to 43 cm). At some point before reaching 2645 mbrf
(the turnaround depth for the second uplog), the active heave com-
pensator (AHC) stroked to the full upward position, creating a
depth change in the log file of nearly 5–6 m. The first uplog was
stopped, and the AHC was recentered and locked. Because the
heave was 40 cm or less, the compensator was not needed, and lock-
ing the AHC avoided any possible depth issues with the second up-
log until the problem could be addressed. The tool string was back
at the bottom of the hole at 2957 mbrf at 1802 h. The second uplog
started at this time from the bottom of the hole at a logging speed of
1800 ft/h (548 m/h). The caliper was opened at 426 mbsf and closed
at 95 mbsf. The pipe was found at 2593 mbrf. The seafloor was
found at 2509 mbrf at 1850 h. The triple combo tool string was back
to the surface at 2000 h.

FMS-sonic string
(FMS/DSST/HNGS/EDTC/LEQT)

The FMS-sonic string, including the FMS, the Dipole Shear
Sonic Imager, and the HNGS, was deployed at 2230 h. A downlog
was taken at ~1800 ft/h (548 m/h) near the seafloor then sped up to
3000 ft/h (914 m/h). The tool string passed the seafloor at 0000 h on
7 January 2015 (2513 mbrf). Again, no problems were encountered
running down through the drill pipe or BHA. The FMS-sonic tool
string reached the bottom of the hole (bridged depth as before from
the triple combo tool string at 2957 mbrf [444 mbsf ]) at 0100 h. The
sonic tool was run with SAMX (BCR both crossed dipole) and
SAM4 P&S compressional modes at a speed of 1800 ft/h (548 m/h).
The SAMX will require processing in BestDT in Geoframe or simi-
lar software to provide the anisotropy analysis. The compressional
data (Delta-T Receiver Array Compressional [DTRP]) required
playbacks to adjust the starting window for the compressional label-
ing, so the original logs do not have the correctly labeled compres-
sional curve. The first uplog was started at 0100 h with the calipers
opened at 447 mbsf and closed at 110 mbsf. The log was stopped at
126 mbsf to avoid reentering the drill bit and then run in the hole

again to the bridge depth. The second uplog was started at 0212 h
again at 2957 mbrf with calipers opened at 446 mbsf and closed at
126 mbsf. While entering the drill pipe, the tool became stuck and
unable to pass 2603 mbrf. Fortunately, the tool could still be lowered
down without problem. After several attempts and delicate pulling
at no more than about 500 lb of overpull, it appeared that the lower
mechanical caliper device (MCD; used as a centralizer only) was
catching the flapper valve above the bit. Because small rocks can
prevent the springs from closing against the tool, rig personnel
hooked up the circulating hose in attempt to circulate seawater over
this area and clean any potential debris from the MCD. During cir-
culating hose setup, tool tension dropped off and the tool released.
The tool was then pulled up to continue logging to seafloor at 1800
ft/h (548 m/h). The pipe was found at 2593 mbrf, and the seafloor
was found at 2509 mbrf. The tool was pulled from the hole and ar-
rived on the surface at 0430 h. Final rigdown was completed at 0630
h. This concluded the wireline logging operations for Hole U1445A.

Caliper
Hole U1445A is divided into three distinct caliper units based

on the deviation from the bit size as recorded in the caliper log: Unit
1 (100–237 m CSF-A) is highly irregular with large washed out
zones, Unit 2 (237–380 m CSF-A) is close to the bit size, and Unit 3
(380–440 m CSF-A) has minor but frequent washouts (Figure
F43A). Based on the caliper reading, data are less reliable in Units 1
and 3.

Natural gamma radioactivity
Measured wireline (WL) gamma ray values are less than the nat-

ural radioactivity values measured on core sections, likely because
of attenuation from the logging mud. To bring the WL gamma ray
data to within range of whole-core values, they were scaled by 40%.
A comparison of the scaled WL gamma ray log and the whole-
round NGRL logs from Holes U1445A and U1445C is shown in Fig-
ure F43B. Caliper Unit 1 has a low gamma ray count, most likely
due to an anomalously expanded hole. In Unit 2, the magnitude of
the WL gamma log is comparable to the shipboard NGRL log, fur-
ther attesting to the reliability of this unit. The high potassium to
uranium and thorium ratios from the WL spectral log suggest a
dominance of micaceous clays (illite) (Figure F43C–F43D). Where
the borehole quality in caliper Unit 3 is poor, variability increases
and the total WL NGR counts decrease, suggesting the diameter of
the borehole is influencing the NGR log response.

Density
Figure F44B shows a plot of the WL density log against the

whole-round core bulk density measurements and MAD bulk den-
sity results (see Physical properties) for hole-log comparison. Log
density is highly variable in the upper unit, likely because of poor
borehole conditions. Log density is in good agreement with MAD
measurements in caliper Unit 2. Although borehole conditions were
not ideal in Unit 3, the log density data have the same trend and
magnitude as the MAD density measurements. On a related note,
density data from the STMSL appear to underestimate the true for-
mation density, which could be due to volume effect intensified
from core expansion and opening of new cracks (Figure F44).

Porosity
We plotted the porosity WL curve from the neutron tool against

the core-derived MAD porosity measurements for comparison
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(Figure F44C). On all accounts, WL log porosity is ~10%–20%
higher than correlative MAD measurements, suggesting a high con-
tent of bound water in the clay-dominated sediments.

P-wave velocity
In caliper Unit 1, sonic velocity remains relatively constant, sug-

gesting poor penetration into the formation related to poor bore-

hole conditions (Figure F44D). Deeper than 237 m CSF-A, there is
more variability in the P-wave data, which we believe is reliable data
based on the caliper measurements. Many points throughout cali-
per Units 2 and 3 display a combination of low density, high poros-
ity, and a high P-wave velocity indicative of gas hydrates. However,
the resistivity log data (Figure F45) do not show high spikes, sug-
gesting that the gas hydrate morphology at this site is disperse in the

Figure F43. (A) Caliper, (B) total NGR, and (C–D) spectral gamma curves for potassium, uranium, and thorium, Site U1445. The log total NGR is scaled for com-
parison with core-derived NGR measurements.
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sediments rather than nodular or massive. Unfortunately, core-
based P-wave data are not available for comparison with the WL log
because of the malfunctioning of the WRMSL P-wave transducer.

Formation MicroScanner
The FMS images the borehole based on its electrical properties.

The nonlinear display of the static and dynamic FMS logs suggests
that the tool was rotating within the borehole, and periodic inter-
vals showing tool-drag related artifacts are evident (e.g., 144–154
mbsf in Figure F46). As shown in Figure F46, the WL-derived resis-

tivity-at-the-bit (RAB) images of borehole resistivity reveal numer-
ous high-resistivity intervals (light yellow to white) throughout the
stratigraphic column. Throughout caliper Unit 2, these highly resis-
tive layers could be hydrate-rich layers. Most of the very dark bands
correspond to washouts as a function of the tool having a moderate
to shallow depth of investigation.

Magnetic susceptibility
Magnetic susceptibility data were not reliable and are therefore

excluded from the discussion.

Figure F45. Triple combo tool summary logs, Hole U1445A. LCAL = caliper, HSGR = total spectral gamma ray, RHOM = bulk density.
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Figure F46. FMS summary log images (static and dynamic normalization), Hole U1445A. High-resolution version of this figure is available in DOWNHOLE in
Supplementary material.
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Summary
Hole U1445A was conditioned for logging with a heavyweight,

water-based mud. Barite was added as a thickener and likely af-
fected the quality of data collected by several tools, including the
gamma ray and photoelectric effect. Two passes of the triple combo
and FMS-sonic tool strings were made. Each tool run through the
hole proceeded smoothly until an unpassable bridge was met at
~440 m CSF-A. For the purpose of discussion, the WL logging
suites are divided into three units based on the caliper data. The di-
ameter of the hole at caliper Unit 2 is close to that of the drill bit and
provides reliable data, whereas any interpretations of caliper Units 1
and 3 should proceed cautiously because of poor borehole condi-
tions. The WL density measurements agree with the bulk density
values provided by MAD measurements where borehole conditions
are good. However, the density log from the WRMSL and STMSL
appears to consistently underestimate the true density of the forma-
tion. The WL porosity curve shows high apparent porosity as a re-
sult of water bound in the structure of the clays that dominate the
downhole lithology. There are no significantly high resistivity peaks
in the resistivity log; however, there are many high-resistivity bands
in FMS logs, suggesting that gas hydrates are present in dissemi-
nated form. Magnetic susceptibility data were not reliable and were
excluded from interpretation.

Stratigraphic correlation
A composite scale (CCSF-A) and a splice (CCSF-D) were con-

structed for Site U1445 using Holes U1445A and U1445C (as de-
fined in Stratigraphic correlation in the Expedition 353 methods
chapter [Clemens et al., 2016]). Splicing among these holes enabled
us to construct a continuous stratigraphic sequence to ~252 m
CCSF-D (Tables T20, T21; Figure F47). Hole U1445B, dedicated to
geochemical sampling on board the ship, was short and not used in
splicing. However, we tied it to the same composite scale as Holes
U1445A and U1445C.

Construction of CCSF-A scale
We selected the core with the best mudline recovery (Core 353-

U1445C-1H) to anchor the composite depth scale and defined the
top as 0 m CCSF-A. The CCSF-A scale for Site U1445 (see Table

T20) is based on correlation of primarily RGB color data, which are
aided at times by MS and NGR data. MS and NGR were measured
on whole-round sections, whereas RGB was measured on archive-
half sections (see Physical properties for details). The R, G, and B
components of the RGB triplet are highly correlated to each other
because, on the first order, all are measures of the reflectivity of the
sediment. The small differences between R, G, and B can be ex-
pressed as ratios such as red/green, red/blue, or green/blue. How-
ever, ratios were not employed in our correlation due to lack of time
(see the Expedition 353 methods chapter [Clemens et al., 2016]).
Reflectance spectroscopy data (i.e., L*, a*, and b*), which can pro-
duce information similar to RGB ratios, were not used for correla-
tion due to inconsistent variability from hole to hole resulting from
low-quality wavelength spectra collected by the Ocean Optics
USB4000 spectrophotometer on the monotonously dark sediments
of Site U1445.

Deeper than ~50 m CCSF-A, where MS values are low and er-
ratic, RGB was effectively the only parameter available to use for
correlation. NGR, which was measured at lower resolution than
RGB (see Physical properties) was employed in several instances
where RGB did not provide a reasonably good tie (see Table T20).

Construction of CCSF-D scale
A combination of Holes U1445A and U1445C cover the strati-

graphic section to ~252 m CCSF-D. When constructing the splice,
we tried to minimize the inclusion of disturbed intervals and
avoided whole-round sampling intervals (notably from Hole
U1445A) as much as possible. Selected splice intervals are listed in
Table T21. Postcruise, the splice interval tables were modified using
the Splice-File-Fixer program to ensure that each depth has been as-
signed the correct sample ID. Both the affine and the corrected
splice interval tables were uploaded into the Laboratory Informa-
tion Management System (LIMS) database during the first post-
cruise meeting in June 2015. The core top depths in the affine tables
were not corrected and hence may be slightly incorrect in a range of
<2 cm. However, the offsets are correct.

Reliance on a single correlation parameter (i.e., RGB) and its
sometimes fuzzy character precluded, in places, the definition of
unique features for correlation, so general trends were used instead,
reducing the accuracy of the splice to the decimeter range. As a re-
sult, correlation should be viewed with caution deeper than ~50 m
CCSF-A and especially deeper than ~236 m CCSF-A, notably if
high-resolution sampling is planned. Onshore X-ray fluorescence
scanning, color reflectance rescanning, and bulk δ18O should pro-
vide better means of correlation.

Table T20. Vertical offsets applied to cores in order to align structure in adja-
cent holes, Site U1445. Download table in .csv format.

Table T21. Splice intervals, Site U1445. Download table in .csv format.
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