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Background and objectives
International Ocean Discovery Program (IODP) Site U1456 lies

offshore the western margin of India, ~475 km from the Indian
coast and ~820 km from the modern mouth of the Indus River,
which is presumed to be the primary source of sediment to the area
(Figure F1). Site U1456 is within Laxmi Basin, which is flanked by
Laxmi Ridge to the west and the Indian continental shelf to the east.
Laxmi Ridge separates the Eastern Arabian Basin to the east and
Western Arabian Basin to the west. Gop Rift lies northeast of Laxmi
Ridge and is an along-strike equivalent of Laxmi Basin. Laxmi Basin
is a 200–250 km wide depression that runs in a northwest–south-
east direction parallel to the west coast of India. A series of isolated
seamounts (e.g., Panikkar and Raman Seamounts, together with
Wadia Guyot) occur along the axial part of Laxmi Basin, which are
collectively referred to as Panikkar Ridge (Krishna et al., 2006) (Fig-
ure F2). Site U1456 was positioned in order to core through the Ce-
nozoic sedimentary cover and penetrate into igneous basement to
understand the long-term development of the regional tectonics,
climate, and erosional history.

Paleogeographic reconstructions of the northern Indian Ocean
suggest that rifting between the India-Seychelles continental block
and Madagascar initiated in Mascarene Basin and continued until
Chron C27, ~62 Ma (Bernard and Munschy, 2000; Müller et al.,
2000). Rifting of the Seychelles Block from India did not occur until
64–62 Ma (Miles and Roest, 1993; Chaubey et al., 1998; Collier et
al., 2008). The final phase of rifting along this margin is linked to the
emplacement of Deccan Traps Flood Basalts, supposedly at the ini-
tiation of Réunion mantle plume activity (Mahoney, 1988; White
and McKenzie, 1989); however, the temporal and spatial relation-
ships between Deccan Traps Flood Basalts and rifting between the
Seychelles and India are yet to be resolved.

Figure F1. Shaded bathymetric map of the Arabian Sea and the surrounding
landmasses from GeoMapApp (Ryan et al., 2009). Yellow circles = sites drilled
during this expedition. Red stars = earlier scientific drilling sites. Pink line =
approximate extent of the fan after Kolla and Coumes (1987). Yellow dashed
lines/question marks = speculated locations of the continent/ocean bound-
ary depending on whether Laxmi Basin is floored by oceanic or continental
crust. Gray lines with numbers = magnetic anomalies from Royer et al.
(2002). Box shows location of detailed map in Figure F2. Numbers indicate
Chron numbers.
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The nature of the crust in Laxmi Basin is highly enigmatic. 
Laxmi Ridge, which is a structural and topographic high exhibiting 
a negative free-air gravity anomaly of 25–50 mGal, is usually inter-
preted as a continental fragment of India (Naini and Talwani, 1982; 
Talwani and Reif, 1998; Minshull et al., 2008). In contrast, identifi-
cation of the oldest seafloor-spreading magnetic anomalies in the 
Arabian Sea is a matter of long-standing debate. The oldest identi-
fied anomalies vary from Chron 27n (62.1 Ma; Miles et al., 1998) 
west of Laxmi Ridge in the Arabian Basin to Chron 33n (~79.5 Ma; 
Bhattacharya et al., 1994) to the east of Laxmi Ridge (Figure F2). In 
contrast, Todal and Edholm (1998) suggested that Laxmi Ridge has 
oceanic affinity and interpreted the magnetic anomalies in Laxmi 
Basin as a continuation (Chrons 28n–31n) of anomalies in the Ara-
bian Sea. However, Miles et al. (1998) and Krishna et al. (2006) ar-
gue that both Laxmi Ridge and Gop Rift are underlain by stretched 
continental crust and attribute the observed magnetic anomalies to 
strongly magnetized magmatic intrusions unrelated to seafloor 
spreading.

Thus, to test these hypotheses we needed to directly sample the 
basement underlying Laxmi Basin, which will have significant im-
plications for the break-up history of India and the Seychelles. The 
operations plan for Site U1456 included coring through the ~1490 
m of sediment overlying the basement and then penetrating at least 
50 m into basement. Regional seismic profiles were used to choose a 
location where drilling would penetrate through major reflectors 
thought to be Paleogene and younger in age (Figure F3). The Mio-
cene and younger reflectors have been identified based on regional 
correlation from industrial drilling sites on the Indus shelf in the 
north (Clift et al., 2001), as well as on the Indian shelf to the east 
(http://www.dghindia.gov.in). Dating these reflectors through di-
rect sampling of the sedimentary section in Laxmi Basin is neces-
sary to generate meaningful and robust sediment budgets for this 

region. In turn, these are required if we are to attempt a mass bal-
ance between erosion in the Himalayan source mountains and sedi-
mentation in the Arabian Sea. In addition, we interpret the 
Paleogene reflector to represent the base of the Indus submarine fan 
and coring through it will offer much needed constraint on estimat-
ing the Indus Fan sediment budget, as well as dating the base of the 
fan, which can act as a minimum estimate for India/Eurasia colli-
sion.

Much of the shallower part of sediment section is dominated by 
a seismically reflective, largely flat-lying sequence interpreted as 
distal turbidite deposits related to the Indus Fan Megasequence of 
Droz and Bellaiche (1991) (Figure F3). The location of the site is rel-
atively distal from the sediment source, which is also evident from 
the lack of well-developed channel-levee complexes that are ob-
served on the upper fan (Kolla and Coumes, 1987; Clift et al., 2002). 
Normark et al. (1993) interpreted this type of reflective unit as a 
product of fan lobe sedimentation, and we anticipated that it would 
be largely composed of silty and muddy turbidites. Channel features 
are rare and generally shallow in form, although there is an onlap-
ping of stacked channel-levee bodies against one another in the up-
per parts of the stratigraphy (Figure F3), as well as clear onlap 
against the steep sides of the Laxmi Ridge (Figure F4).

The bright reflective unit overlies an acoustically transparent 
unit that thins across the basin from east to west and is ~0.2 s two-
way traveltime (TWT) thick at Site U1456 (Figures F3, F4). The 
transparent unit drapes Panikkar Ridge in the center of Laxmi Ba-
sin. The top of this unit slopes down westward into the basin, 
whereas the upper reflective unit lies disconformably above the 
transparent unit. The origin of this transparent unit is not well un-
derstood, but its geometry and seismic character suggest that the 
unit may be a large mass transport deposit, likely derived from the 
western Indian continental margin, rather than directly adjacent to 
the drilling site. Our original interpretation suggested that the top 
of the transparent unit lay close to the base of the Miocene.

A very bright reflector underlies this transparent unit, and be-
low this level the sediment is less well bedded or clearly reflective. 
Below the transparent unit is the highly variable, weakly bedded 
Lower Fan unit. The lowermost Paleogene unit underlies this, thins 
from east to west, and is close to 0.1 s TWT thick at Site U1456, 
compared to a maximum of 0.4 s TWT in the central basin adjacent 
to Panikkar Ridge (Figure F4). Further west, this unit is disrupted by 
a late-stage intrusion that penetrates high into the Miocene section 
before the Paleogene disappears entirely against the side of Laxmi 
Ridge (Figures F3, F4). This Paleogene unit is believed to predate 
fan sedimentation and probably the onset of India/Eurasia collision. 
The source of sediment in the Paleogene is thus inferred to be dom-
inantly from peninsular India to the east.

Scientific objectives
Site U1456 is the focus of a number of scientific objectives cen-

tral to the success of Expedition 355. We planned to core at least 50 
m of basement to find out the nature of the crust in Laxmi Basin, 
which would in turn determine whether it is true oceanic crust or 
some sort of transitional crust, such as intruded continental crust, 
or even exposed serpentinized upper mantle, such as that which 
characterizes the continent/ocean boundary offshore Iberia and 
Newfoundland in the North Atlantic (Boillot et al., 1988; Kusznir 
and Karner, 2007). Additionally, analyses of sediment retrieved 
from the basin will allow us to constrain depositional environments 
during the syn- and postrift periods that can be used to examine 

Figure F2. Shaded bathymetric map of the region around Laxmi Basin show-
ing the location of Site U1456 in relation to other major bathymetric fea-
tures, especially Laxmi Ridge. White dashed lines = various possible 
locations of the continent/ocean boundary depending upon whether the 
crust in Laxmi Basin has continental or oceanic affinity. White line = seismic 
profile Line W06; orange bar = portion of the profile illustrated in Figure F3. 
Magnetic anomalies (yellow lines) in the Arabian Basin are from Miles et al. 
(1998), whereas those in Laxmi Basin (green lines) are from Bhattacharya et 
al. (1994). Bathymetric data from GeoMapApp (Ryan et al., 2009).
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vertical motions and thus the tectonics of extension, particularly the 
timing and nature of strain accommodation.

Sampling and dating the base of the Indus Fan is a primary expe-
dition objective because this has only been inferred elsewhere in the 
northern Arabian Sea based on the occurrence of Himalayan mate-
rial in 45 Ma sandstone on Owen Ridge at Deep Sea Drilling Project 

(DSDP) Site 224 (Clift et al., 2001) and by the transition from pe-
lagic biogenic sediment in the Eocene to more muddy hemipelagic 
sediment in the upper Eocene and Oligocene at DSDP Sites 220 and 
221 at the southern tip of the fan (Shipboard Scientific Party, 1974a, 
1974b).

Figure F3. Seismic reflection profile Line W06 with location of Site U1456 and main seismically defined horizons described in text. Purple bar shows proposed 
penetration at Site U1456; white box shows actual penetration. SP = shotpoint, CDP = common depth point.
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Another primary objective is to recover a continuous Eocene 
and Oligocene sequence to aid in reconstructing patterns and rates 
of erosion, as well as continental environmental conditions (e.g., hu-
midity and vegetation patterns) in the Indus drainage during the 
earliest phases of India/Eurasia collision. Although a muddy Eocene 
unit is found in the Himalayan foreland basin, called the Gazij, Sub-
athu, and Bhainskati Formations, respectively, in Pakistan (north-
west India) and Nepal (Raiverman, 1979; Najman, 2006), it is widely 
recognized that there is no Oligocene–lower Miocene known 
through most of the foreland basin. This gap precedes the exhuma-
tion of the Greater Himalaya and hampers understanding of the 
conditions that led to the major change in Himalayan tectonics as 
the Main Central Thrust became active around 23 Ma (Catlos et al., 
2007; Searle et al., 2008). This site is designed to provide a continu-
ous record through this missing, mostly Oligocene section, which 
should allow us to understand how the monsoonal climate evolved 
during this critical tectonic and climatic transition and to determine 
erosion patterns and rates at the time of the onset of Greater Hima-
layan exhumation. In particular, we will test the hypothesis that the 
start of the exhumation process was driven by an intensification of 
summer monsoon precipitation and increased erosion along the 
southern flank of the Tibetan Plateau (Clift et al., 2008b). Direct 
coupling of erosion rates and exhumation is a prediction of the 
channel flow model for Himalayan evolution (Beaumont et al., 2001; 
Hodges, 2006), although it might also be applicable to some tectonic 
wedge models for structural evolution (Robinson et al., 2006).

Although the Neogene history of the Himalaya is better known 
than the Paleogene, coring at Site U1456 is designed to provide a 
continuous record of erosion, weathering, and environmental his-
tory from the western Himalaya in order to complement records al-
ready compiled from the foreland basin (Quade et al., 1995; 
Burbank et al., 1996; Sanyal et al., 2004; Singh et al., 2012) and Bay of 
Bengal, cored during IODP Expedition 354 (France-Lanord et al., 
2015). Because the source regions of the Indus Fan are quite differ-
ent from those in the Ganges-Brahmaputra system and the mon-
soon is anticipated to be weaker in the western Himalaya and 
Karakoram compared to the eastern Himalaya, the response to cli-
mate change through the Neogene is unknown. Dating the seismic 
reflectors in the Neogene part of the section will allow us to derive a 
relatively high resolution sediment budget that can be compared in 
detail with climatic and environmental reconstructions.

Over this part of the section we will leverage existing climate re-
cords derived from earlier drilling along the Oman continental mar-
gin (Kroon et al., 1991; Prell et al., 1992) and at the same time 
generate a continental environmental record using a combination of 
chemical weathering proxies, organic geochemistry, and paly-
nological data to constrain how continental conditions evolved in 
the Indus Basin over this time period. Critical issues that need to be 
addressed include the nature of the climatic transition at 8 Ma, 
which is traditionally thought to be a time of summer monsoon in-
tensification, but which has recently been reinterpreted as a time at 
which drier conditions became established (Hoorn et al., 2000; 
Dettman et al., 2001; Singh et al., 2012). We will also examine 
whether this change in climate is accompanied by faster or slower 
erosion of the mountains themselves. Although sedimentation re-
cords preserved onshore in the Siwalik Group seem to show coarser 
and presumably faster erosion toward the end of the Miocene 
(Johnson et al., 1985; Ghosh and Kumar, 2000; Bernet et al., 2006; 
van der Beek et al., 2006), some reconstructions of marine sedimen-
tation instead suggest that this was a time of slower erosion (Clift, 
2006), although others argue for faster sediment supply to the In-

dian Ocean at that time (Rea, 1992; Métivier et al., 1999). We will 
attempt to resolve this debate through coring at this location.

Site U1456 also includes Pliocene–Pleistocene objectives. This 
time period is generally reconstructed as a time of stronger than av-
erage monsoon, albeit with rapid intensity transitions over relatively 
short timescales, probably driven by the same solar insolation that 
controls Northern Hemisphere ice sheet development (Clemens 
and Prell, 1991; Clemens et al., 2010). Early attempts to derive sedi-
ment budgets from the Indian Ocean indicate that this was a time of 
increased clastic sedimentation (Rea, 1992; Métivier et al., 1999), as 
recognized globally and presumed to be driven by rapid changes of 
climate over this time period (Zhang et al., 2001). More recently, 
cosmogenic isotope work suggests that the apparent increase in 
sedimentation rate is in fact an aberration derived from considering 
shorter and shorter time intervals, rather than being an actual re-
sponse of the continents to changing climate (Willenbring and von 
Blanckenburg, 2010). Our detailed age model coupled with high-
quality seismic profiling should allow us to address this issue.

We will also be able to study at relatively high resolution how 
erosion and chemical weathering patterns change in the fan source 
regions over glacial cycles. We can test the hypothesis that erosion 
was more centered in the Karakoram during glacial times but 
switched to become faster overall and focused more on the Lesser 
Himalaya during interglacial periods when the summer monsoon 
was stronger (Bookhagen et al., 2005; Clift et al., 2008a). Moreover, 
chemical weathering indexes will allow us to understand whether 
chemical weathering fluxes increase or decrease in the system 
during glacial cycles. Because chemical weathering itself helps to 
draw down atmospheric CO2 concentration, a well-known green-
house gas, it is possible that the chemical weathering response to 
glacial cycles may either intensify or moderate the solar-driven cy-
cles (Berner and Berner, 1997). Although this has been ruled out at 
high latitudes (Foster and Vance, 2006), the response of low lati-
tudes is still uncertain. As the largest orogenic belt on Earth, the 
weathering response of the Himalaya to climate forcing may also be 
a primary control to global climatic conditions (Raymo and Ruddi-
man, 1992).

Operations
Summary

The original operations plan for Site U1456 (proposed Site IND-
03C) called for three holes: the first to advanced piston corer (APC) 
refusal, followed by a second APC hole with extended core barrel 
(XCB) coring to ~650 m below seafloor (mbsf). The third hole was a 
planned reentry hole including 650 m of casing followed by coring 
to a total depth of ~1590 mbsf, which included 100 m of basement. 
The plan was modified to include a short APC hole for high-resolu-
tion microbiological and geochemical sampling of the upper ~30 m. 
We ultimately cored five holes at Site U1456 (Table T1).

When APC refusal was reached at a much shallower depth than 
anticipated (~140 mbsf ), we opted to deepen Hole U1456A using 
the half-length advanced piston corer (HLAPC). Because of good 
hole conditions, we continued coring in Hole U1456A with the XCB 
to 426.6 mbsf, at which point the XCB cutting shoe detached and 
was left in the hole, forcing us to abandon the hole. Hole U1456B 
was cored with the APC to 29.1 mbsf. We then cored Hole U1456C 
with the APC and HLAPC to 221.6 mbsf, drilled ahead without cor-
ing to 408.0 mbsf, and then continued coring with the XCB to 465.2 
mbsf. We terminated coring operations in Hole U1456C when we 
determined that the lithology at 465.2 mbsf would be ideal for the 
IODP Proceedings 4 Volume 355
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Table T1. Site U1456 core summary. CSF = core depth below seafloor, DRF = drilling depth below rig floor, DSF = drilling depth below seafloor. APC  = 
advanced piston corer, HLAPC = half-length advanced piston corer, XCB = extended core barrel, RCB = rotary core barrel. PDC = polycrystalline diamond com-
pact. Core types: H = advanced piston corer, F = half-length advanced piston corer, X = extended core barrel, R = rotary core barrel, numeric core type = drille d 
interval. APCT-3 = advanced piston corer temperature tool, Icefield = orientation tool. (Continued on next four pages.) Download table in .csv format. 

Hole U1456A Hole U1456B
Latitude: 16°37.2855′N Latitude: 16°37.2851′N
Longitude: 68°50.3272′E Longitude: 68°50.3454′E
Water depth (m): 3639.23 Water depth (m): 3645.04
Date started (UTC): 9 April 2015, 0525 h Date started (UTC): 13 April 2015, 1235 h
Date finished (UTC): 13 April 2015, 1235 h Date finished (UTC): 13 April 2015, 1825 h
Time on hole (days): 4.30 Time on hole (days): 0.24
Seafloor depth (m DRF): 3650.0 Seafloor depth (m DRF): 3655.8
Seafloor depth calculation method: APC calculated depth Seafloor depth calculation method: APC calculated depth
Rig floor to sea level (m): 10.77 Rig floor to sea level (m): 10.76
Drilling system: 9-7/8 inch APC/XCB PDC bit Drilling system: 9-7/8 inch APC/XCB PDC bit
Penetration depth (m DSF): 426.60 Penetration depth (m DSF): 29.10
Cored interval (m): 426.60 Cored interval (m): 29.10
Recovered length (m): 365.25 Recovered length (m): 28.79
Recovery (%): 86 Recovery (%): 99
Total cores (no.): 74 Total cores (no.): 4
APC cores (no.): 16 APC cores (no.): 4
HLAPC cores (no.): 54 Age of oldest sediment cored: Middle Pleistocene
XCB cores (no.): 4
Age of oldest sediment cored: late Pliocene

Hole U1456C Hole U1456D
Latitude: 16°37.2940′N Latitude: 16°37.2766′N
Longitude: 68°50.3366′E Longitude: 68°50.3365′E
Water depth (m): 3638.44 Water depth (m): 3637.1
Date started (UTC): 13 April 2015, 1825 h Date started (UTC): 18 April 2015, 2050 h
Date finished (UTC): 18 April 2015, 2050 h Date finished (UTC): 3 May 2015, 1630 h
Time on hole (days): 5.10 Time on hole (days): 14.82
Seafloor depth (m DRF): 3649.2 Seafloor depth (m DRF): 3648.0
Seafloor depth calculation method: APC calculated depth Seafloor depth calculation method: seafloor tag confirmed by subsea camera
Rig floor to sea level (m): 10.76 Rig floor to sea level (m): 10.90
Drilling system: 9-7/8 inch APC/XCB PDC bit Drilling system: 9-7/8 inch CC-4 bit (cored interval)
Penetration depth (m DSF): 465.20 Penetration depth (m DSF): 1024.40
Cored interval (m): 275.30 Cored interval (m): 565.60
Recovered length (m): 215.00 Recovered length (m): 319.18
Recovery (%): 78 Recovery (%): 56
Drilled interval (m): 189.90 Drilled interval (m): 458.80
Drilled interval (no.): 4 Drilled interval (no.): 1
Total cores (no.): 42 Total cores (no.): 60
APC cores (no.): 15 RCB cores (no.): 60
HLAPC (no.): 18 Age of oldest sediment cored: late Miocene
XCB (no.): 9
Age of oldest sediment cored: late Pliocene

Hole U1456E
Latitude: 16°37.2857′N
Longitude: 68°50.3541′E
Water depth (m): 3636.93
Date started (UTC): 3 May 2015, 1630 h
Date finished (UTC): 16 May 2015, 0230 h
Time on hole (days): 12.42
Seafloor depth (m DRF): 3648.0
Seafloor depth calculation method: Offset depth from Hole U1456D
Rig floor to sea level (m): 11.1
Drilling system: 9-7/8 inch CC-4 bit (cored interval)
Penetration depth (m DSF): 1109.40
Cored interval (m): 139.40
Recovered length (m): 82.45
Recovery (%): 59
Drilled interval (m): 970.0
Drilled interval (no.): 2
Total cores (no.): 17
RCB cores (no.): 17
Age of oldest sediment cored: early–middle Miocene
IODP Proceedings 5 Volume 355
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Core
Date

(2015)
Time UTC 

(h)

Depth DSF (m) Interval 
advanced 

(m)

Depth CSF (m)
Length 
of core 

recovered 
(m)

Length 
of core 
curated 

(m)
Recovery 

(%)
Sections

(N) Comments
Top of 

interval
Bottom of 

interval
Top of cored 

interval
Bottom of 

cored interval

355-U1456A-
1H 9 Apr 2105 0.0 4.5 4.5 0.0 4.54 4.54 4.54 101 4 Icefield, microspheres
2H 9 Apr 2220 4.5 14.0 9.5 4.5 10.40 5.90 5.90 62 5 Icefield, microspheres
3H 9 Apr 2315 14.0 23.5 9.5 14.0 23.39 9.39 9.39 99 8 Icefield, microspheres
4H 10 Apr 0030 23.5 33.0 9.5 23.5 32.91 9.41 9.41 99 8 Icefield, microspheres, APCT-3
5H 10 Apr 0130 33.0 42.5 9.5 33.0 42.30 9.30 9.30 98 8 Icefield, microspheres
6H 10 Apr 0230 42.5 52.0 9.5 42.5 51.27 8.77 8.77 92 7 Icefield, microspheres
7H 10 Apr 0340 52.0 61.5 9.5 52.0 61.10 9.10 9.10 96 8 Icefield, microspheres, APCT-3
8H 10 Apr 0440 61.5 71.0 9.5 61.5 69.84 8.34 8.34 88 7 Icefield, microspheres
9H 10 Apr 0540 71.0 80.5 9.5 71.0 80.33 9.33 9.33 98 8 Icefield, microspheres
10H 10 Apr 0640 80.5 90.0 9.5 80.5 89.66 9.16 9.16 96 7 Icefield, microspheres, APCT-3
11H 10 Apr 0745 90.0 99.5 9.5 90.0 99.29 9.29 9.29 98 8 Icefield, microspheres
12H 10 Apr 0845 99.5 109.0 9.5 99.5 106.28 6.78 6.78 71 6 Icefield, microspheres
13H 10 Apr 1000 109.0 118.5 9.5 109.0 118.06 9.06 9.06 95 8 Icefield, microspheres, APCT-3
14H 10 Apr 1225 118.5 128.0 9.5 118.5 124.58 6.08 6.08 64 6 Icefield, microspheres
15H 10 Apr 1345 128.0 134.6 6.6 128.0 134.68 6.68 6.68 101 7 Icefield, microspheres
16H 10 Apr 1500 134.6 139.3 4.7 134.6 134.65 0.05 0.05 1 1 Icefield, microspheres
17F 10 Apr 1640 139.3 144.0 4.7 139.3 143.93 4.63 4.63 99 5 Microspheres
18F 10 Apr 1735 144.0 148.7 4.7 144.0 148.27 4.42 4.27 94 4 Microspheres
19F 10 Apr 1825 148.7 153.4 4.7 148.7 153.27 4.57 4.57 97 4
20F 10 Apr 1920 153.4 158.1 4.7 153.4 158.20 4.80 4.80 102 4 Microspheres
21F 10 Apr 2000 158.1 162.8 4.7 158.1 162.89 4.79 4.79 102 5
22F 10 Apr 2100 162.8 167.5 4.7 162.8 167.29 4.49 4.49 96 4 Microspheres
23F 10 Apr 2150 167.5 172.2 4.7 167.5 171.94 4.44 4.44 94 4
24F 10 Apr 2245 172.2 176.9 4.7 172.2 176.83 4.63 4.63 99 4 Microspheres
25F 10 Apr 2335 176.9 181.6 4.7 176.9 181.24 4.34 4.34 92 5
26F 11 Apr 0040 181.6 186.3 4.7 181.6 185.80 4.20 4.20 89 4 Microspheres
27F 11 Apr 0135 186.3 191.0 4.7 186.3 189.22 2.92 2.92 62 4
28F 11 Apr 0245 191.0 195.7 4.7 191.0 195.65 4.65 4.65 99 5 Microspheres
29F 11 Apr 0340 195.7 200.4 4.7 195.7 200.00 4.30 4.30 91 4
30F 11 Apr 0440 200.4 204.3 3.9 200.4 204.31 3.91 3.91 100 4 Microspheres
31F 11 Apr 0535 204.3 209.0 4.7 204.3 209.19 4.89 4.89 104 5
32F 11 Apr 0625 209.0 213.7 4.7 209.0 213.55 4.55 4.55 97 5 Microspheres
33F 11 Apr 0720 213.7 218.4 4.7 213.7 218.69 4.99 4.99 106 5
34F 11 Apr 0810 218.4 223.1 4.7 218.4 223.39 4.99 4.99 106 5 Microspheres
35F 11 Apr 0900 223.1 226.5 3.4 223.1 226.50 3.40 3.40 100 4
36F 11 Apr 0955 226.5 231.2 4.7 226.5 231.39 4.89 4.89 104 5 Microspheres
37F 11 Apr 1045 231.2 235.7 4.5 231.2 235.74 4.54 4.54 101 5
38F 11 Apr 1145 235.7 239.9 4.2 235.7 239.95 4.25 4.25 101 4 Microspheres
39F 11 Apr 1330 239.9 244.6 4.7 239.9 244.46 4.56 4.56 97 5
40F 11 Apr 1430 244.6 249.3 4.7 244.6 249.61 5.01 5.01 107 5 Microspheres
41F 11 Apr 1535 249.3 254.0 4.7 249.3 253.97 4.67 4.67 99 4
42F 11 Apr 1630 254.0 258.4 4.4 254.0 258.36 4.36 4.36 99 5 Microspheres
43F 11 Apr 1710 258.4 263.0 4.6 258.4 262.00 3.60 3.60 78 5
44F 11 Apr 1805 263.0 267.3 4.3 263.0 266.81 3.81 3.81 89 5 Microspheres
45F 11 Apr 1900 267.3 272.0 4.7 267.3 268.85 1.55 1.55 33 2
46F 11 Apr 2000 272.0 276.7 4.7 272.0 277.10 5.10 5.10 109 5 Microspheres
47F 11 Apr 2100 276.7 281.4 4.7 276.7 281.15 4.45 4.45 95 4
48F 11 Apr 2150 281.4 286.1 4.7 281.4 284.52 3.12 3.12 66 4 Microspheres
49F 11 Apr 2335 286.1 290.8 4.7 286.1 289.90 3.80 3.80 81 4
50F 12 Apr 0030 290.8 295.5 4.7 290.8 294.20 3.40 3.40 72 5 Microspheres
51F 12 Apr 0125 295.5 300.2 4.7 295.5 299.28 3.78 3.78 80 4
52F 12 Apr 0235 300.2 304.9 4.7 300.2 304.63 4.43 4.43 94 4 Microspheres
53F 12 Apr 0330 304.9 309.6 4.7 304.9 309.61 4.71 4.71 100 5
54F 12 Apr 0425 309.6 314.3 4.7 309.6 312.62 3.02 3.02 64 4 Microspheres
55F 12 Apr 0515 314.3 319.0 4.7 314.3 317.54 3.24 3.24 69 4
56F 12 Apr 0615 319.0 323.7 4.7 319.0 321.55 2.55 2.55 54 4 Microspheres
57F 12 Apr 0715 323.7 328.4 4.7 323.7 327.01 3.31 3.31 70 4
58F 12 Apr 0810 328.4 333.1 4.7 328.4 330.82 2.42 2.42 51 3 Microspheres
59F 12 Apr 0910 333.1 337.8 4.7 333.1 337.95 4.85 4.85 103 5
60F 12 Apr 1000 337.8 342.5 4.7 337.8 340.01 2.21 2.21 47 4 Microspheres
61F 12 Apr 1200 342.5 347.2 4.7 342.5 345.89 3.39 3.39 72 4
62F 12 Apr 1305 347.2 351.9 4.7 347.2 348.09 0.89 0.89 19 2 Microspheres
63F 12 Apr 1400 351.9 356.6 4.7 351.9 356.29 4.39 4.39 93 5
64F 12 Apr 1455 356.6 361.3 4.7 356.6 358.97 2.37 2.37 50 4 Microspheres
65F 12 Apr 1550 361.3 366.0 4.7 361.3 366.35 5.05 5.05 107 5
66F 12 Apr 1640 366.0 370.7 4.7 366.0 370.41 4.41 4.41 94 4 Microspheres

Table T1 (continued). (Continued on next page.)
IODP Proceedings 6 Volume 355



D.K. Pandey et al. Site U1456
67F 12 Apr 1730 370.7 375.4 4.7 370.7 375.77 5.07 5.07 108 5
68F 12 Apr 1820 375.4 380.1 4.7 375.4 378.91 3.51 3.51 75 3 Microspheres
69F 12 Apr 1915 380.1 384.8 4.7 380.1 385.14 5.04 5.04 107 5
70F 12 Apr 2115 384.8 389.5 4.7 384.8 387.36 2.56 2.56 54 3 Microspheres
71X 13 Apr 0045 389.5 397.8 8.3 389.5 396.60 7.10 7.10 86 6
72X 13 Apr 0320 397.8 407.4 9.6 397.8 406.31 8.51 8.51 89 7
73X 13 Apr 0520 407.4 417.0 9.6 407.4 417.26 9.86 9.86 103 8
74X 13 Apr 0745 417.0 426.6 9.6 417.0 419.38 2.38 2.38 25 3

Hole U1456A totals: 426.6 365.25 86 362

355-U1456B-
1H 13 Apr 1445 0.0 0.6 0.6 0.0 0.69 0.69 0.69 115 2 Microspheres
2H 13 Apr 1550 0.6 10.1 9.5 0.6 9.67 9.07 9.07 95 7 Microspheres
3H 13 Apr 1655 10.1 19.6 9.5 10.1 19.70 9.60 9.60 101 8 Microspheres
4H 13 Apr 1750 19.6 29.1 9.5 19.6 29.03 9.43 9.43 99 8 Microspheres

Hole U1456B totals: 29.1 28.79 103 25

355-U1456C-
1H 13 Apr 1940 0.0 7.3 7.3 0.0 7.38 7.38 7.38 101 6 Icefield
21 13 Apr 1950 7.3 8.8 1.5 *******Drilled from 7.3 to 8.8 m DSF without coring*****
3H 13 Apr 2050 8.8 18.3 9.5 8.8 17.75 8.95 8.95 94 7 Icefield
4H 13 Apr 2145 18.3 27.8 9.5 18.3 27.98 9.68 9.68 102 8 Icefield
5H 13 Apr 2240 27.8 37.3 9.5 27.8 35.89 8.09 8.09 85 7 Icefield
6H 13 Apr 2340 37.3 46.8 9.5 37.3 46.82 9.52 9.52 100 8 Icefield
7H 14 Apr 0035 46.8 56.3 9.5 46.8 55.47 8.67 8.67 91 7 Icefield
8H 14 Apr 0135 56.3 65.8 9.5 56.3 65.78 9.48 9.48 100 8 Icefield
91 14 Apr 0200 65.8 66.8 1.0 *****Drilled from 65.8 to 66.8 m DSF without coring***** Icefield
10H 14 Apr 0235 66.8 76.3 9.5 66.8 76.27 9.47 9.47 100 8 Icefield
111 14 Apr 0250 76.3 77.3 1.0 *****Drilled from 76.3 to 77.3 m DSF without coring***** Icefield
12H 14 Apr 0335 77.3 86.8 9.5 77.3 86.67 9.37 9.37 99 8 Icefield
13H 14 Apr 0440 86.8 96.3 9.5 86.8 95.69 8.89 8.89 94 7 Icefield
14H 14 Apr 0605 96.3 105.8 9.5 96.3 105.32 9.02 9.02 95 7 Icefield
15H 14 Apr 0710 105.8 115.3 9.5 105.8 115.54 9.74 9.74 103 8 Icefield
16H 14 Apr 0810 115.3 124.8 9.5 115.3 122.24 6.94 6.94 73 6 Icefield
17H 14 Apr 1025 124.8 134.3 9.5 124.8 133.82 9.02 9.02 95 7 Icefield
18H 14 Apr 1130 134.3 137.0 2.7 134.3 137.02 2.72 2.72 101 3 Icefield
19F 14 Apr 1255 137.0 141.7 4.7 137.0 139.91 2.91 2.91 62 4
20F 14 Apr 1350 141.7 146.4 4.7 141.7 144.94 3.24 3.24 69 4
21F 14 Apr 1450 146.4 151.1 4.7 146.4 150.83 4.43 4.43 94 4
22F 14 Apr 1615 151.1 155.8 4.7 151.1 155.70 4.60 4.60 98 4
23F 14 Apr 1715 155.8 160.5 4.7 155.8 160.46 4.66 4.66 99 4
24F 14 Apr 1810 160.5 165.2 4.7 160.5 165.18 4.68 4.68 100 4
25F 14 Apr 1855 165.2 169.9 4.7 165.2 169.28 4.08 4.08 87 4
26F 14 Apr 2030 169.9 174.6 4.7 169.9 173.79 3.89 3.89 83 4
27F 14 Apr 2125 174.6 179.3 4.7 174.6 178.35 3.75 3.75 80 4
28F 14 Apr 2220 179.3 184.0 4.7 179.3 183.49 4.19 4.19 89 4
29F 14 Apr 2320 184.0 188.7 4.7 184.0 187.99 3.99 3.99 85 4
30F 15 Apr 0020 188.7 193.4 4.7 188.7 193.16 4.46 4.46 95 4
31F 15 Apr 0115 193.4 198.1 4.7 193.4 197.89 4.49 4.49 96 4
32F 15 Apr 0215 198.1 202.8 4.7 198.1 201.12 3.02 3.02 64 3
33F 15 Apr 0340 202.8 207.5 4.7 202.8 207.12 4.32 4.32 92 4
34F 15 Apr 0435 207.5 212.2 4.7 207.5 212.06 4.56 4.56 97 4
35F 15 Apr 0525 212.2 216.9 4.7 212.2 214.94 2.74 2.74 58 3
36F 15 Apr 0625 216.9 221.6 4.7 216.9 220.22 3.32 3.32 71 4
371 15 Apr 2055 221.6 408.0 186.4 *****Drilled from 221.6 to 408.0 m DSF without coring*****
38X 15 Apr 2355 408.0 413.8 5.8 408.0 409.10 1.10 1.10 19 2
39X 16 Apr 0215 413.8 418.0 4.2 413.8 414.91 1.11 1.11 26 2
40X 16 Apr 0545 418.0 427.7 9.7 418.0 421.06 3.06 3.06 32 3
41X 16 Apr 0810 427.7 437.4 9.7 427.7 432.74 5.04 5.04 52 5
42X 16 Apr 1020 437.4 438.1 0.7 437.4 438.25 0.85 0.85 121 1
43X 16 Apr 1245 438.1 446.1 8.0 438.1 438.98 0.88 0.88 11 1
44X 16 Apr 1445 446.1 455.8 9.7 446.1 446.55 0.45 0.45 5 1
45X 16 Apr 1740 455.8 463.3 7.5 455.8 459.54 3.74 3.74 50 4
46X 16 Apr 2000 463.3 465.2 1.9 463.3 463.80 0.50 0.50 26 1

Hole U1456C totals: 465.2 215.00 78 195

355-U1456D-
11 21 Apr 0140 0.0 458.8 458.8 *****Drilled from 0 to 458.8 m DSF without coring*****
2R 23 Apr 0705 458.8 468.5 9.7 458.8 462.41 3.61 3.61 37 4

Core
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3R 23 Apr 0855 468.5 478.2 9.7 468.5 470.31 1.81 1.81 19 3
4R 23 Apr 1035 478.2 487.9 9.7 478.2 480.77 2.57 2.57 26 4
5R 23 Apr 1220 487.9 497.6 9.7 487.9 490.86 2.96 2.96 31 4
6R 23 Apr 1345 497.6 507.3 9.7 497.6 497.91 0.31 0.31 3 2
7R 23 Apr 1600 507.3 517.0 9.7 507.3 511.44 4.14 4.14 43 4
8R 23 Apr 1820 517.0 526.7 9.7 517.0 525.31 8.31 8.31 86 7
9R 23 Apr 2045 526.7 536.4 9.7 526.7 535.73 9.03 9.03 93 7
10R 23 Apr 2240 536.4 546.1 9.7 536.4 543.81 7.41 7.41 76 6
11R 24 Apr 0020 546.1 555.8 9.7 546.1 549.24 3.14 3.14 32 4
12R 24 Apr 0210 555.8 565.5 9.7 555.8 558.45 2.65 2.65 27 3
13R 24 Apr 0345 565.5 575.2 9.7 565.5 567.49 1.99 1.99 21 3
14R 24 Apr 0510 575.2 584.9 9.7 575.2 575.40 0.20 0.20 2 1
15R 24 Apr 0705 584.9 594.6 9.7 584.9 587.92 3.02 3.02 31 3
16R 24 Apr 0920 594.6 604.3 9.7 594.6 603.95 9.35 9.35 96 8
17R 24 Apr 1105 604.3 614.0 9.7 604.3 607.50 3.20 3.20 33 4
18R 24 Apr 1305 614.0 623.7 9.7 614.0 617.01 3.01 3.01 31 4
19R 24 Apr 1455 623.7 633.4 9.7 623.7 626.34 2.64 2.64 27 3
20R 24 Apr 1640 633.4 643.1 9.7 633.4 636.32 2.92 2.92 30 3
21R 24 Apr 1845 643.1 652.8 9.7 643.1 647.11 4.01 4.01 41 4
22R 24 Apr 2030 652.8 662.5 9.7 652.8 656.25 3.45 3.45 36 4
23R 24 Apr 2215 662.5 672.2 9.7 662.5 666.07 3.57 3.57 37 4
24R 25 Apr 0050 672.2 681.9 9.7 672.2 674.32 2.12 2.12 22 3
25R 25 Apr 0245 681.9 691.6 9.7 681.9 685.81 3.91 3.91 40 4
26R 25 Apr 0420 691.6 701.3 9.7 691.6 694.56 2.96 2.96 31 3
27R 25 Apr 0610 701.3 711.0 9.7 701.3 705.33 4.03 4.03 42 4
28R 25 Apr 0755 711.0 720.7 9.7 711.0 713.29 2.29 2.29 24 3
29R 25 Apr 0945 720.7 730.4 9.7 720.7 726.60 5.90 5.90 61 6
30R 25 Apr 1205 730.4 740.1 9.7 730.4 739.69 9.29 9.29 96 8
31R 25 Apr 1420 740.1 749.8 9.7 740.1 749.75 9.65 9.65 99 8
32R 25 Apr 1650 749.8 759.5 9.7 749.8 759.70 9.90 9.90 102 8
33R 25 Apr 1930 759.5 769.2 9.7 759.5 767.62 8.12 8.12 84 7
34R 25 Apr 2205 769.2 778.9 9.7 769.2 778.21 9.01 9.01 93 7
35R 26 Apr 0020 778.9 788.6 9.7 778.9 785.53 6.63 6.63 68 6
36R 26 Apr 0245 788.6 798.3 9.7 788.6 794.54 5.94 5.94 61 5
37R 26 Apr 0445 798.3 808.0 9.7 798.3 804.56 6.26 6.26 65 5
38R 26 Apr 0650 808.0 817.7 9.7 808.0 813.39 5.39 5.39 56 5
39R 26 Apr 1030 817.7 827.4 9.7 817.7 823.57 5.87 5.87 61 5
40R 26 Apr 1235 827.4 837.1 9.7 827.4 832.90 5.50 5.50 57 6
41R 26 Apr 1440 837.1 846.8 9.7 837.1 846.26 9.16 9.16 94 8
42R 26 Apr 1655 846.8 856.5 9.7 846.8 856.66 9.86 9.86 102 8
43R 26 Apr 1915 856.5 866.2 9.7 856.5 865.07 8.57 8.57 88 8
44R 27 Apr 0005 866.2 869.2 3.0 866.2 866.47 0.27 0.27 9 2
45R 27 Apr 1430 869.2 878.9 9.7 869.2 877.52 8.32 8.32 86 7
46R 27 Apr 1645 878.9 888.6 9.7 878.9 885.14 6.24 6.24 64 6
47R 27 Apr 1855 888.6 898.3 9.7 888.6 896.74 8.14 8.14 84 7
48R 27 Apr 2130 898.3 908.0 9.7 898.3 902.51 4.21 4.21 43 4
49R 27 Apr 2350 908.0 917.7 9.7 908.0 913.22 5.22 5.22 54 5
50R 28 Apr 0235 917.7 927.4 9.7 917.7 924.01 6.31 6.31 65 6
51R 28 Apr 0450 927.4 937.1 9.7 927.4 937.03 9.63 9.63 99 8
52R 28 Apr 0655 937.1 946.8 9.7 937.1 946.34 9.21 9.24 95 8
53R 28 Apr 0915 946.8 956.5 9.7 946.8 956.82 10.02 10.02 103 8
54R 28 Apr 1240 956.5 966.2 9.7 956.5 962.17 5.65 5.67 58 5
55R 28 Apr 1545 966.2 972.2 6.0 966.2 966.36 0.16 0.16 3 1
56R 28 Apr 2150 972.2 978.2 6.0 972.2 978.83 6.63 6.63 111 6
57R 29 Apr 0445 978.2 987.4 9.2 978.2 986.89 8.69 8.69 94 8
58R 29 Apr 1740 987.4 996.6 9.2 987.4 990.05 2.65 2.65 29 3
59R 29 Apr 2220 996.6 1005.8 9.2 996.6 1004.64 8.04 8.04 87 8
60R 30 Apr 0140 1005.8 1015.1 9.3 1005.8 1008.47 2.67 2.67 29 3
61R 30 Apr 0510 1015.1 1024.4 9.3 1015.1 1018.56 3.46 3.46 37 4

Hole U1456D totals: 1024.4 319.18 56 305

355-U1456E-
11 6 May 1935 0.0 748.2 748.2 *****Drilled from 0 to 748.2 m DSF without coring*****
12 9 May 0635 748.2 970.0 221.8 *****Drilled from 748.2 to 970.0 m DSF without coring*****
3R 9 May 1540 970.0 976.6 6.6 970.0 977.50 7.50 7.50 114 6
4R 9 May 2010 976.6 980.6 4.0 976.6 980.98 4.38 4.38 110 5
5R 9 May 2320 980.6 989.6 9.0 980.6 985.00 4.40 4.40 49 4
6R 10 May 0305 989.6 998.7 9.1 989.6 995.02 5.42 5.42 60 5
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base of the casing for our deep hole. After conditioning the hole for 
logging, we conducted three logging runs in Hole U1456C. The tri-
ple combo tool string was run first without the radioactive source to 
465 m wireline depth below seafloor (WSF), and then the Forma-
tion MicroScanner (FMS)-sonic tool string was run to 465 m WSF 
with two upward passes. The last logging run was made with the 
triple combo tool suite with the radioactive source after the hole 
was determined to be in good condition.

In Hole U1456D, we drilled-in a 10¾ inch casing string to 458.8 
mbsf and then began coring with the rotary core barrel (RCB) cor-
ing assembly. When we reached 1024.4 mbsf, we pulled out of the 
hole for a bit change; however, we encountered difficulties reenter-
ing the hole. The drill string became stuck in the open hole below 
the casing and ultimately had to be severed, effectively terminating 
the hole. We then decided to install a longer 10¾ inch casing string 
to 748.2 mbsf in Hole U1456E, drilled without coring to 970 mbsf, 
and then continued to RCB core to 1109.4 mbsf. We pulled out of 
the hole for a bit change and again encountered difficulties trying to 
trip the drill string back to the bottom of the hole. After little prog-
ress was made to advance the bit over a 12 h period and several in-
stances of the drill string getting temporarily stuck, we decided to 
terminate the hole and end operations at Site U1456. The total time 
spent on Site U1456 was 885 h (36.9 days).

A total of 197 cores were collected at this site. The APC coring 
system was deployed 35 times, recovering 276.91 m of core over 
301.9 m of penetration (92% recovery). The HLAPC system was de-
ployed 72 times, recovering 287.55 m of core over 334.8 m of pene-
tration (86% recovery). The XCB coring system was deployed 13 
times, recovering 44.58 m of core over 94.3 m of penetration (47% 
recovery). The RCB coring system was deployed 77 times, recover-
ing 401.63 m of core over 705.0 m of penetration (57% recovery).

Transit to Site U1456
After a 941 nmi transit from Colombo, Sri Lanka, averaging 11.1 

kt, the vessel arrived at the first expedition site, U1456. A prespud 
meeting was held prior to arrival to review operations at the first 
site. The vessel stabilized and switched from cruise mode to dy-
namic positioning at 1054 h (all times are local; UTC + 5.5 h) on 9 
April 2015. The positioning beacon was deployed at 1108 h. The po-
sition reference was a combination of GPS signals and a single 
acoustic beacon.

Hole U1456A
After arriving and deploying the acoustic positioning beacon, 

initial operations in Hole U1456A included picking up drill collars 
from the forward main deck pipe rack, spacing out the APC/XCB 
coring systems, and measuring (strapping) and verifying the inter-
nal diameter (drifting) of all tubulars during the first pipe trip of the 
expedition. The bottom-hole assembly (BHA) included two stands 
of 5½ inch drill pipe, a tapered drill collar, five 8¼ inch control 
length drill collars, a nonmagnetic drill collar, head sub, top sub, 
latch sub, seal bore drill collar (which serves as the outer core barrel 
for the coring system), bit sub with a lockable float valve, and a 
“used” 9⅞ inch Russian polycrystalline diamond compact (PDC) 
APC/XCB core bit.

After pumping a drill string wiper plug, we deployed the APC 
coring system, spudding Hole U1456A at 0210 h on 10 April after 
offsetting the ship 15 m to the west of the original prospectus coor-
dinates for the drill site. We positioned the bit at a depth of 3645.0 m 
below rig floor (mbrf ), and the first APC core was on deck at 0235 h, 
recovering 4.54 m of sediment and establishing a seafloor depth to 
the rig floor of 3650.0 mbrf. This hole was originally planned as an 
APC/XCB hole to ~250 mbsf; however, because the hole conditions 
were better than anticipated we elected to continue drilling to ~600 
mbsf as planned initially for Hole U1456C.

Oriented APC coring using nonmagnetic core barrels and plas-
tic bags containing fluorescent microspheres for microbiology con-
tamination testing continued through Core 355-U1456A-16H to 
139.3 mbsf. The advanced piston corer temperature tool (APCT-3) 
was deployed for Cores 4H (33.0 mbsf), 7H (61.5 mbsf), 10H (90.0 
mbsf), and 13H (118.5 mbsf ). The first deployment was unsuccess-
ful due to flooding of the APC shoe pressure case. After two succes-
sive partial strokes on Cores 15H and 16H, with the latter returning 
only a small amount of sediment in the core catcher, we decided to 
switch to the HLAPC. Coring continued using the HLAPC coring 
system from Core 17F through 40F to 249.3 mbsf. Although we 
originally planned to end Hole U1456A at 250 mbsf, we opted to 
continue coring due to good hole conditions and good recovery.

Coring with the HLAPC continued in Hole U1456A through 
Core 70F to 389.5 mbsf. The coring system was changed to the XCB 
system and at 0615 h on 13 April 2015, the first XCB core (71X) was 
on deck, recovering 7.10 m. Coring continued through Core 74X. 

7R 10 May 0700 998.7 1007.9 9.2 998.7 1002.28 3.58 3.58 39 4
8R 10 May 1120 1007.9 1017.1 9.2 1007.9 1012.72 4.82 4.82 52 5
9R 10 May 1715 1017.1 1026.3 9.2 1017.1 1022.16 5.06 5.07 55 5
10R 10 May 2055 1026.3 1035.5 9.2 1026.3 1032.97 6.67 6.67 73 6
11R 11 May 0135 1035.5 1044.7 9.2 1035.5 1042.77 7.27 7.27 79 7
12R 11 May 0550 1044.7 1053.9 9.2 1044.7 1048.17 3.47 3.47 38 4
13R 11 May 0955 1053.9 1063.1 9.2 1053.9 1055.34 1.44 1.44 16 2
14R 11 May 1410 1063.1 1072.4 9.3 1063.1 1065.92 2.82 2.82 30 3
15R 11 May 1710 1072.4 1072.9 0.5 1072.4 1073.64 1.24 1.24 248 2
16R 11 May 2210 1072.9 1081.1 8.2 1072.9 1079.80 6.90 6.90 84 6
17R 12 May 0355 1081.1 1090.8 9.7 1081.1 1090.37 9.27 9.27 96 8
18R 12 May 0705 1090.8 1100.1 9.3 1090.8 1094.59 3.79 3.79 41 4
19R 12 May 1030 1100.1 1109.4 9.3 1100.1 1104.52 4.42 4.42 48 5

Hole U1456E totals: 1109.4 82.45 72 81
Site U1456 totals: 3054.7 1010.67

Core
Date

(2015)
Time UTC 

(h)

Depth DSF (m) Interval 
advanced 

(m)

Depth CSF (m)
Length 
of core 

recovered 
(m)

Length 
of core 
curated 

(m)
Recovery 

(%)
Sections

(N) Comments
Top of 

interval
Bottom of 

interval
Top of cored 

interval
Bottom of 

cored interval

Table T1 (continued).
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When that core barrel was retrieved on deck, the XCB cutting shoe 
was missing. Further examination revealed that it had broken off at 
the last engaged thread of the inner barrel connection, terminating 
Hole U1456A at 426.6 mbsf. Although short of the planned depth of 
~600 mbsf, discussions had been under way to possibly terminate 
the hole at 450–460 mbsf due to the consistently fine grained litho-
logies encountered below 400 mbsf. We decided to defer wireline 
logging in Hole U1456A in favor of logging Hole U1456C, which 
would likely be deeper and open for a shorter period of time. The 
drill string was tripped back to the seafloor with the top drive in 
place in case any problems were encountered in the hole due to the 
unconsolidated sands. Although a fair amount of sand was evident 
in the cores, the driller did not experience any difficulty recovering 
the drill string. The bit cleared the seafloor at 1805 h, ending Hole 
U1456A and beginning Hole U1456B. A total of 4.3 days were spent 
in Hole U1456A.

Hole U1456A consisted of 16 APC cores recovering 121.18 m of 
core over 139.3 m of penetration (87% recovery), 54 HLAPC cores 
recovering 216.22 m of core over 250.2 m of penetration (86% re-
covery), and four XCB cores recovering 27.85 m of core over 37.1 m 
of penetration (75% recovery). The total depth of the hole was 426.6 
mbsf.

Hole U1456B
The ship was offset 15 m to the east of the original site coordi-

nates, with the bit positioned at 3647 mbrf, 2 m lower than for Hole 
U1456A. Hole U1456B was started at 1955 h on 13 April 2015. A 
seafloor depth of 3655.8 mbrf (3645.0 m below sea level [mbsl]) was 
established based on APC core recovery, which was ~7 m deeper 
than the previous hole located 30 m to the west. Based on discus-
sions with the coring technician on watch, we determined that a sig-
nificant amount of material was lost due to the soupy nature of the 
core, which led to an inaccurate seafloor depth. This hole was 
planned as a dedicated microbiology hole to consist of three cores; 
however, because the recovery was only 0.69 m in Core 355-
U1456B-1H, we decided to take one additional core. APC coring 
continued through Core 4H to 29.1 mbsf where the hole was termi-
nated. The bit was pulled clear of the seafloor at 2355 h on 13 April 
2015, ending Hole U1456B and beginning Hole U1456C. We spent 
0.3 days on Hole U1456B, which consisted of four APC cores recov-
ering 28.79 m of core over 29.1 m of penetration (99% recovery). 
The total depth of Hole U1456B was 29.1 mbsf.

Hole U1456C
The ship was offset 15 m north of the original site coordinates, 

with the bit positioned at 3647 mbrf. Hole U1456C was started at 
0050 h on 14 April 2015. The seafloor depth for this hole was estab-
lished based upon APC core recovery as 3649.2 mbrf (3638.4 mbsl). 
Oriented APC coring continued through Core 355-U1456C-17H to 
134.3 mbsf. Core 18H achieved only a partial stroke advancing to 
137.0 mbsf with limited recovery of 2.72 m, apparently hitting a sig-
nificant sand layer. The bit was advanced by recovery and the coring 
system was changed to the HLAPC. Cores 19F through 36F were 
recovered to a depth of 221.6 mbsf with Core 36F on deck at 1155 h 
on 15 April 2015. During HLAPC coring, each interval was ad-
vanced 4.7 m regardless of recovery. After Core 36F was retrieved, 
coring was suspended, and an XCB center bit assembly deployed to 
drill to 408.0 mbsf. Drilling of the 186.4 m interval required 12.25 h 
to complete. We suspect that bit balling of the PDC bit in the soft 
clay formation slowed the drilling. In addition, hard layers were oc-
casionally encountered, requiring a longer amount of time to pene-

trate because of the limited weight-on-bit that could be applied due 
to the presence of the XCB center bit. The net rate of penetration 
(ROP) achieved (including connection time, mud sweeps, etc.) was 
15.2 m/h. Thirty-barrel sea gel mud sweeps were pumped every 30 
m to proactively avoid sand build-up in the annulus and to help pre-
vent any recurrences of the stuck wireline barrels that occurred in 
Hole U1456A.

After reaching 408.0 mbsf, the center bit was recovered and an 
XCB core barrel deployed. At 0230 h on 16 April 2015, XCB coring 
resumed in Hole U1456C. Cores 355-U1456C-38X and 39X were 
cut and recovered to 418.0 mbsf. Core 39X was on deck at 0745 h. 
While Core 39X was being recovered, a notification came from the 
bridge (at ~0700 h) that they were observing an unknown vessel lo-
cated ~3.5 nmi away from the drill site. Soon after, the bridge in-
structed the drill floor to suspend coring operations and begin 
pulling out of the hole to near the seafloor when the vessel began to 
approach. The vessel began deploying fishing line in the vicinity of 
the R/V JOIDES Resolution and also motioned to personnel on-
board that they wanted food. After being instructed that we were a 
research vessel and that they needed to standoff a minimum of 3 
nmi from our drilling location, the vessel departed. At 0845 h, the 
drill crew began tripping pipe back to the bottom of the hole and 
XCB coring resumed, with Cores 40X through 46X cut and recov-
ered to 465.2 mbsf. At this point we determined that this depth 
would make a reasonable casing point and that the material being 
cored was recoverable with the RCB coring system. Coring opera-
tions were terminated in Hole U1456C and we began to prepare the 
hole for wireline logging operations.

A 40 bbl sea gel mud sweep was circulated out of the hole and at 
0215 h on 17 April 2015, a wiper trip was conducted to 56.3 mbsf. 
The driller detected no overpull, excessive drag, or fill on the bot-
tom. At 0645 h on 17 April, the lockable float valve (LFV) go-devil 
was deployed, another 40 bbl sea gel mud sweep pumped, and after 
chasing the sweep with 500 strokes of seawater, the hole was dis-
placed with 171 bbl of 10.5 lb/gal heavy mud. The drill string was 
then positioned with the end-of-pipe at a logging depth of 81.1 
mbsf. We started assembling the first wireline logging tool string 
(triple combo without the source), and it was deployed at 1155 h on 
17 April. This suite of logging tools reached the total borehole depth 
of 465.2 mbsf, and after an up-log was collected, the tool string was 
retrieved to the rig floor at 1740 h. The second suite of tools, the 
FMS-sonic tool string, was deployed at 1810 h and also was able to 
reach bottom. Two up-passes were collected with the FMS-sonic, 
and the tool string was retrieved to the surface at 0315 h on 18 
April. The third and final logging run was made with the triple 
combo tool suite, this time with the source after the hole was deter-
mined to be in good condition. The tool string was deployed at 0445 
h, reached the total depth of the hole, and was then retrieved to the 
rig floor at 1150 h on 18 April. After rigging down from logging the 
subsea camera was deployed, and the drill string was pulled out of 
the hole, clearing the seafloor at 1440 h on 18 April. The vessel was 
offset in dynamic positioning mode to 15 m south of the original 
site coordinates. A drill string tag of the seafloor was observed on 
the subsea camera, establishing a seafloor depth adjusted to the rig 
floor dual elevator stool of 3648.0 mbrf for the next hole (U1456D). 
The subsea camera was then returned to the surface while we began 
to trip the drill string back to the vessel. We completed the pipe trip 
out of Hole U1456C, racked the drill collars back in the derrick, and 
laid out the seal bore and nonmagnetic collars to the forward pipe 
rack. The bit cleared the rig floor at 0220 h on 19 April, officially 
ending Hole U1456C and beginning Hole U1456D.
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Hole U1456C consisted of 15 APC cores recovering 126.94 m of 
core over 133.5 m of penetration (95.1% recovery), 18 HLAPC cores 
recovering 71.33 m of core over 84.6 m of penetration (84.3% recov-
ery), and nine XCB cores recovering 16.73 m of core over 57.2 m of 
penetration (29.2% recovery). The total depth of the hole was 465.2 
mbsf. Total time spent on Hole U1456C was 5.1 days.

Hole U1456D
The vessel was offset 15 m south of the original site coordinates 

and the seafloor tag depth of 3648.0 mbrf (3637.1 mbsl) used as the 
official seafloor depth for the hole. After laying out the upper guide 
horn, preparations began for installing the reentry cone and 10¾ 
inch casing string. The 16 inch casing hanger assembly was made up 
and racked back in the derrick. We then assembled and tested the 
458.83 m long drilling assembly, which consisted of the 9⅞ inch tri-
cone drilling bit, 8 inch mud motor, and underreamer with arms set 
to 12¾ inches. The preassembled standard reentry cone was posi-
tioned over the moonpool doors. We began to run casing at 1200 h 
on 19 April 2015. The casing string, made-up of a Texas-pattern 
casing shoe, shoe joint, 33 joints of 10¾ inch casing, a 16 inch × 10¾ 
inch casing crossover (swage), 16 inch casing pup joint, and a 16 
inch casing hanger, totaled 455.11 m in length. This assembly was 
lowered into the reentry cone using the casing running tool. At 2045 
h, the driller lowered the drilling assembly into the reentry cone and 
latch-in was completed at 0035 h on 20 April. At 0100 h we began 
tripping the assembly toward the seafloor. During the pipe trip, the 
subsea camera was deployed, and the drill pipe filled with seawater 
every 15 stands.

After picking up the top drive, Hole U1456D was spudded at 
1035 h on 20 April. It required a total of 20.75 h to drill in the 455 m 
of casing. The reentry cone base landed on the seafloor at 0710 h on 
21 April, positioning the casing shoe at a depth of 455.1 mbsf. The 
driller rotated the drill string 3½ turns to the right to release the cas-
ing running tool; however, the drilling assembly was unable to pull 
free of the reentry cone and casing. We attempted to free the assem-
bly over the next 4.25 h by offsetting the ship in a grid pattern away 
from the hole location. After this did not free the assembly, it be-
came clear that the running tool was released, but the underreamer 
arms had not fully retracted. At 1135 h on 21 April, the drilling as-
sembly was pulled free with 15,000 lb of overpull. While pulling the 
drill string, the underreamer continued to drag intermittently inside 
the casing, predominantly when passing through casing couplings. 
The top drive was set back, the subsea camera retrieved to the ship, 
and the bit pulled clear of the seafloor at 1540 h. After tripping the 
assembly back to the ship, the running tool was de-torqued, the drill 
collars racked back in the derrick, the mud motor and underreamer 
assemblies flushed with freshwater, and at 0140 h on 22 April, the 
bit cleared the rotary table. From start to finish, using a mud motor 
and underreamer assembly, we required only a total of 3 days to 
make up and install a standard reentry cone with 455 m of 10¾ inch 
casing in 3637 m water depth using the drill-in casing approach.

With the reentry cone and casing installed, the drill crew re-
quested time to investigate a noise they had heard on multiple occa-
sions that emanated from the drilling package. During operations 
they were unable to determine whether the source of the noise was 
the top drive itself or the swivel assembly. A total of 9 h of “down-
time” were taken to separate the swivel from the top drive and thor-
oughly investigate the issue. Ultimately the gear was all reassembled 
without identifying the original source of the noise. Once every-
thing was reassembled, the noise was no longer heard.

We then made up the RCB BHA assembly and, after slipping 
and cutting the drilling line, began tripping toward the seafloor. The 
subsea camera was deployed during the pipe trip; however, after 
there was a problem with the video feed, the camera was brought 
back aboard, repaired, and redeployed. At 0245 h on 23 April we re-
entered Hole U1456D after maneuvering the ship for only 20 min. 
The drill string was lowered into the casing string to a depth of 
416.0 mbsf (39.1 m above the casing shoe) when soft fill was tagged. 
We picked up the top drive, deployed a wash barrel, and began to 
slowly circulate. The fill was cleared by 0800 h on 23 April. A 40 bbl 
sea gel mud sweep was circulated out and the wash barrel recov-
ered. At 1000 h on 23 April, a core barrel was deployed and contin-
uous RCB coring using nonmagnetic core barrels initiated. RCB 
coring continued with 30 bbl sea gel mud sweeps pumped every 
third core. Although we encountered no fill on bottom between 
cores, rapid penetration rates, low recovery, and evidence of sand in 
the recovered core material indicated there was still some sand in 
the formation. We therefore initiated preventative measures in or-
der to preserve the integrity of the hole as much as possible.

RCB coring continued without incident through Core 355-
U1456D-43R to 866.2 mbsf. Hole conditioning consisted of pump-
ing 40 bbl sea gel mud sweeps every third core. While cutting Core 
44R, the driller noted erratic changes in pump pressure and exces-
sive torque. After pumping a 40 bbl mud sweep, the core barrel 
landed with a 200 psi pressure loss. After advancing 2.0 m the lost 
pressure was regained; however, after advancing another 1.0 m the 
hole apparently began to collapse around the drill string. Pump 
pressure increased by 600 psi, top drive torque increased by 200 
amps, and there was a 20,000 lb weight loss. We spent 2.25 h circu-
lating and working the pipe back to 821.0 mbsf. We then recovered 
Core 44R and completed a wiper trip to just inside the 10¾ inch cas-
ing shoe at 442.6 mbsf. The wiper trip was uneventful, with no ap-
parent issues with the upper portion of the hole. After taking a short 
period of time to service the rig and grease the traveling block, the 
pipe was tripped back in the hole. The pipe was lowered to 821.0 
mbsf, with the driller noting 10,000–15,000 lb of drag from 722.0 to 
753.0 mbsf. We picked up the top drive at 0930 h on 27 April, and 
after beginning circulation we noted a 400 psi pump pressure ex-
cess, indicating that the annulus of the hole was filled with drill cut-
tings. We pulled the pipe back to 791.9 mbsf and deployed a wash 
barrel. At 1100 h the pipe was washed/reamed back to the original 
total depth of 869.2 mbsf, encountering 12 m of fill at the bottom of 
the hole. We circulated a 50 bbl sea gel mud sweep and then spent 
an additional 2.5 h circulating a series of mud sweeps (two 50 bbl 
sweeps at 110 viscosity, a 50 bbl sweep at 120 viscosity, and a 60 bbl 
sweep at 130 viscosity) before regaining normal drilling parameters.

With the hole stabilized, we recovered the wash barrel and de-
ployed an RCB core barrel. At 1830 h on 27 April, RCB coring re-
commenced. As a preventative measure, the drillers pumped 50 bbl 
high-viscosity mud sweeps every other core to help prevent any re-
currence of cuttings build-up in the hole annulus. Coring continued 
without incident through Core 54R to 966.2 mbsf. While cutting 
Core 55R, an abrupt change in ROP occurred at ~970 mbsf. ROP 
dropped to 2.9 m/h. We recovered Core 55R after only a 6.0 m ad-
vance and found that the core barrel had been jammed, resulting in 
poor recovery (3%). We recovered Core 56R after a 6.0 m advance 
(125 min at 2.9 m/h) because of concerns that the barrel may have 
jammed again; however, the core barrel was full (111% recovery), 
and the slow ROP was found to be due to the hard sandstone litho-
logy encountered. We picked up a knobby drilling joint for cutting 
Core 57R to 987.4 mbsf. This 9.2 m advance required 270 min of 
IODP Proceedings 11 Volume 355



D.K. Pandey et al. Site U1456
rotating time (2.0 m/h). At this point, hole conditions became prob-
lematic with high torque (600 amps) and pump pressure elevated by 
400 psi. We spent >8 h working the pipe, circulating multiple 50 bbl 
high-viscosity mud sweeps, and conditioning the hole before coring 
could resume. At 1830 h on 29 April, we resumed coring. Core 58R 
was cut to 996.6 mbsf (9.2 m advance) in 160 min at 3.5 m/h. After 
recovering this core and deploying the next core barrel, hole condi-
tions again deteriorated. Top drive torque increased, and when the 
core barrel landed the driller noted that he had lost the ability to 
rotate the pipe. The pipe was freed in <1 h; however, this required 
900 amps of top drive torque and 55,000 lb of overpull. Core 59R 
was cut to 1005.8 mbsf with a slightly higher ROP. Coring continued 
through Core 61R to 1024.4 mbsf at an average ROP of 6.0 m/h. Be-
cause of the accumulated bit rotating hours plus the intangible un-
recorded reaming hours, we decided to cut one additional core and 
then round trip the drill string for a bit change. When the core bar-
rel landed for the final core, the WKM valve on the top drive failed 
and would not seal properly. Because replacing the valve required 
tripping the pipe up inside the casing shoe at 455 mbsf, we decided 
instead to recover the entire drill string to change the bit and also 
repair the WKM valve.

We displaced the hole with heavy mud, recovered the empty 
core barrel, and pulled the drill string clear of the seafloor at 1900 h 
on 30 April. We offset the vessel 50 m from the reentry cone, ser-
viced the rig, and removed the WKM valve to expedite the required 
repairs. The drill string was recovered back to the surface with the 
bit clearing the rotary table at 0355 h on 1 May. We checked all 
outer core barrel subs, inspected the RCB latch sleeve, and prepared 
a new CC-4 RCB bit. The BHA was reassembled, and by 1045 h the 
drill string was deployed to 3274.4 mbrf when the 5½ inch pipe 
racker developed a problem. We spent 45 min troubleshooting and 
fixing the pipe racker. The pipe trip resumed to 3624 mbrf, and then 
the subsea camera was deployed and lowered toward the seafloor 
for reentry. While the camera was being deployed, the spare WKM 
valve was installed on the top drive in preparation for coring opera-
tions. We began maneuvering the ship at 1440 h on 1 May and reen-
tered Hole U1456D in 35 min. We recovered the subsea camera to 
the ship and continued tripping the pipe inside the 10¾ inch casing 
to 442.6 mbsf, where we encountered unexpected resistance. We 
pulled back the pipe, deployed a wash barrel, and picked up the top 
drive. Using very slow rotation and minimal pump pressure, the bit 
was lowered through the obstructed area with no discernable indi-
cation of resistance. We lowered the drill string below the casing 
shoe to 529.9 mbsf, recovered the wash barrel, and racked back the 
top drive.

We continued to lower the drill string without incident to a tag 
depth of 995.8 mbsf with a maximum drag of 10,000 lb. We picked 
up the drill string to 966.6 mbsf and picked up the top drive. At 0100 
h on 2 May, the driller attempted to break circulation and realized 
that he could not rotate the string or circulate fluid. The driller 
picked up the drill string to 937.5 mbsf with no overpull. We picked 
up a knobby joint and the top drive and worked the drill string for 
2.75 h. Circulation was reestablished; however, 900 amps of maxi-
mum torque and 150,000 lb of overpull failed to free the drill string. 
At 0600 h on 2 May, we offset the ship 185 m (5% of water depth) to 
the south to set a drill pipe tool joint at the rig floor. The sinker bars 
were installed with a core barrel attached, and this assembly was 
lowered into the drill string to determine if there were any mechan-
ical issues with the integrity of the drill string or if hole instability 
and stuck pipe was the sole issue. The core barrel would not pass a 
depth approximately equal to the seafloor depth (hard tag at ~3668 

mbrf ), indicating that there were other issues in addition to hole 
conditions. The vessel was offset to allow recovery of the wireline 
assembly, the upper guide horn pulled, and the subsea camera de-
ployed to determine if there was a problem at the seafloor. The sub-
sea camera showed that the reentry cone was buried in cuttings; 
however, the drill pipe appeared to be extending straight up from 
the reentry cone/cuttings pile. We observed no identifiable problem 
with the drill pipe or the seafloor installation. We recovered the 
subsea camera on deck at 1240 h on 2 May.

At this point we decided to sever the drill string and abandon 
Hole U1456D. We hoped to sever in the first joint of 5½ inch drill 
pipe (transition joint) above the tapered drill collar (TDC) at the top 
of the BHA; however, there was some concern that (1) the wireline 
severing tool may not be able to pass the seafloor and (2) if the pipe 
was severed above the BHA the drill pipe above may still remain 
firmly stuck in the hole. We held a safety meeting at the rig floor and 
preparations began for rigging up the Schlumberger wireline drill 
pipe severing tool. After securing radio silence and shutting down 
all wireless devices, the severing tool was deployed at 1800 h on 2 
May. There was no problem passing through the transition zone at 
the seafloor, and the tools reached all the way to the bit. The system 
was then recovered and positioned at the approximate midpoint 
(~4.5 m) of the first joint of 5½ inch drill pipe above the TDC. We 
applied a slight amount of torque and overpull to the drill string be-
fore the charge was fired; however, no voltage was sent. The 
Schlumberger computer used to control the system was rebooted 
and the second attempt to fire the charge was successful. The driller 
was then able to pull the drill string back to the next tool joint and 
rotate, indicating that the string was successfully severed at the lo-
cation desired and freed from the formation.

While pulling the Schlumberger wireline severing tools, the 
Schlumberger engineer indicated that a weak link on the Schlum-
berger cable head had failed and the severing tool assembly was lost 
in the hole. With the top drive in, the drill string was pulled back to 
756.6 mbsf. Overpull was 10,000–15,000 lb. The top drive was set 
back and the drill string pulled clear of the seafloor at 0425 h on 3 
May. When the drill string reached 753.9 mbrf it became apparent 
why the core barrel deployed earlier via wireline would not pass the 
seafloor depth. Several joints of 5 inch drill pipe that had extended 
from just below the seafloor and deeper into the hole were recov-
ered severely bent. The next 13 h were spent removing the joints 
from the drill string and laying them out with the pipe racker to the 
port-side inboard bay of the riser hold. In total, there were 39 joints 
(~377 m) of bent 5 inch drill pipe. The four-stand RCB BHA that 
was lost in the hole included 11 control length drill collars, one 
TDC, a new CC-4 RCB core bit, a complete mechanical bit release 
assembly (MBR), two modified head subs, and one modified top 
sub. A detailed list of lost hardware was prepared along with an in-
cident report. The remainder of the drill string was intact, and the 
severed end of the last joint of 5 inch drill pipe cleared the rig floor 
at 2200 h on 3 May. This officially ended Hole U1456D and began 
Hole U1456E.

Hole U1456D consisted of 60 RCB cores recovering 319.18 m of 
core over 656.6 m of penetration (56% recovery). Including the ini-
tial drilled interval, the total depth of the hole was 1024.4 mbsf. To-
tal time spent on Hole U1456D was 14.8 days.

Hole U1456E
Because we had not achieved our objectives at Site U1456, we 

decided to install a new casing string to ~750 mbsf to stabilize the 
unconsolidated sands above this depth. The drill crew cleared the 
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rig floor of all remnants of the bent pipe recovery (cut-off tool 
joints, etc.) and serviced the rig. At 2245 h on 3 May 2015 the drill 
crew began picking up the 11 additional control length drill collars 
and TDC required to make up the BHA for drilling operations in 
Hole U1456E. The drill collars were made up into stands and racked 
back in the derrick. The upper guide horn was laid out to the for-
ward main deck pipe rack, and the casing running tools, subs, and 
equipment were picked up. At 0700 h on 4 May, we began to assem-
ble the drilling stinger. This included a 9⅞ inch R2 tricone drill bit, a 
bit sub with LFV, an underreamer with the mill tooth arms/cutters 
set to 12¾ inch diameter, and a positive displacement mud motor. 
This assembly was deck tested with the motor beginning rotation at 
~25 strokes/min of the mud pumps, and with the underreamer 
arms fully opening at 30–35 strokes/min. After testing, the assem-
bly was laid out on the pipe racker. The Hole U1456E reentry cone 
was moved over the center of the moonpool doors and a 16 inch 
casing hanger with pup joint was lowered and latched into the reen-
try cone using the 16 inch casing running tool. A 10¾ inch casing 
hanger assembly was made up with the 10¾ inch casing running 
tool and the power tongs and casing running equipment rigged up. 
At 1430 h on 4 May we began making up the 10¾ inch casing string. 
The first five joints were welded together and the casing hanger was 
also welded to the last casing collar. Including the shoe joint, 55 
joints of casing were made up in 8.5 h, and by 2400 h on 4 May, the 
10¾ inch casing hanger was landed and latched into the reentry 
cone assembly. The drilling stinger assembly was then picked up, 
along with 23 stands and one single of 5 inch drill pipe, run inside 
the casing string, and the casing running tool was attached to the 
10¾ inch casing hanger. Three hours were spent working on the 5½ 
inch pipe racker jacking assembly before beginning the pipe trip to-
ward the seafloor.

At 0700 h on 5 May, with the drilling stinger assembly (bit) ex-
tending 4.82 m ahead of the casing shoe, the reentry cone, casing, 
and drilling stinger assembly were deployed. This space-out assem-
bly placed the underreamer arms 2.61 m below the 10¾ inch casing 
shoe. While lowering the casing toward the seafloor, the pipe was 
filled with seawater every 15 stands, the drilling line was slipped and 
cut, and the subsea camera deployed for reentry. The drilling as-
sembly reached the seafloor by 2045 h on 5 May. We then picked up 
the top drive, and the drill string was spaced out. At 2130 h, Hole 
U1456E was spudded. We spent the next day drilling in the casing to 
743.4 mbsf. The reentry cone landed at the seafloor (3648 mbrf) at 
0100 h on 7 May. We then released the casing string and retracted 
the underreamer assembly back up inside the casing. After setting 
back the top drive, the subsea camera and drill string were recov-
ered to the ship. After the drilling assembly cleared the seafloor at 
0410 h on 7 May, the vessel was offset 50 m east of the reentry in-
stallation as a precaution. After spending 1 h repairing a ruptured 
hose on the iron roughneck, the pipe trip was completed by 1415 h. 
We then washed and laid out the mud motor/underreamer assem-
bly.

At 1615 h on 7 May, we began making up the new RCB drill-
ing/coring BHA. The drill string was once again tripped to the sea-
floor, and the subsea camera deployed. After maneuvering the ship 
for 36 min, we reentered Hole U1456E. The subsea camera was re-
covered, the pipe advanced to 706.1 mbsf (still inside the casing 
string), the top drive picked up, and a RCB core barrel dressed with 
a center bit was deployed. The bit was advanced to 748.2 mbsf be-
fore tagging the bottom of the hole. This was the depth the drilling 
“stinger” assembly reached when drilling in the 10¾ inch casing 
shoe, indicating that there was no fill at the bottom of the hole. We 

pumped a 30 bbl high-viscosity mud sweep and at 0830 h on 8 May 
began drilling without coring with the RCB center bit. A total of 
26.5 h were required to advance the 9⅞ inch diameter hole to 970.0 
mbsf, and at 1100 h on 9 May, the drill ahead was completed. The 
overall average rate of penetration for the 221.8 m interval drilled 
was 10.9 m/h. We pumped a 40 bbl mud sweep and recovered the 
RCB center bit; however, before a core barrel could be dropped the 
driller noted that he had 4 m of fill on bottom. Therefore, instead of 
dropping a RCB core barrel, we deployed a wash barrel and pumped 
two 50 bbl high-viscosity mud sweeps out of the hole at a circulating 
rate of 130 strokes/min. Once the hole was considered to be clean 
the wash barrel was recovered, and at 1545 h on 9 May we deployed 
a core barrel and coring initiated in Hole U1456E from 970.0 mbsf. 
For reference, it required 5.6 days to drill in a new reentry cone and 
10¾ inch casing assembly to 743.4 mbsf and then drill a 9⅞ inch 
hole to 970.0 mbsf. Prior to that, another 1.8 days had been spent 
severing the drill string and recovering the bent string of drill pipe. 
Total lost time due to the loss of Hole U1456D was 7.4 days.

We continued RCB coring in Hole U1456E through Core 355-
U1456E-19R to 1109.4 mbsf with the rate of penetration varying 
from 2.9 to 7.0 m/h. To enhance hole cleaning the drillers pumped 
40 bbl high-viscosity mud sweeps after each core. These were 
pumped at high annular velocity all the way to the surface prior to 
recovering the core barrel so that the cuttings from the entire cored 
interval would be flushed from the hole. After recovering Core 19R, 
we decided to recover the drill string, inspect the outer core barrel 
assembly, and change the bit because the present bit was approach-
ing 60 h of use. We pumped a final mud sweep from the total depth 
of the hole and then displaced the open hole section with 125 bbl of 
heavy mud. We began to pull out of the hole but had to wait until 
the drill bit was inside the 10¾ inch casing shoe at 735.2 mbsf before 
we could set back the top drive, indicating that the formation was 
beginning to impinge on the open hole below the casing. Once the 
top drive was set back, the drill string was pulled up to 36.6 mbsf, 
the circulating head picked up, and the reentry cone thoroughly 
flushed with seawater to remove any remnant cuttings or drilling 
mud that might inhibit the reentry attempt. The drill bit cleared the 
seafloor at 2330 h on 12 May, and the remaining drill string was re-
covered to the ship. The BHA was racked back in the derrick, and 
the MBR and coring bit were removed, clearing the rotary table at 
0740 h on 13 May.

Coincident with the decision to trip the drill string for a bit 
change, we were approached and contacted by an Indian Navy ves-
sel, which informed us that we would have to move because the In-
dian military was planning to conduct a live-fire weapons exercise 
the following morning (13 May) between 0800 and 1200 h. We in-
formed the boarding officer (1) that we were in international waters 
conducting scientific research under IODP in collaboration with the 
Indian government and (2) that our drill string was >1100 m below 
the seafloor and it would take many hours to recover our drill string 
and prepare to get under way, making it impossible for us to vacate 
the zone of operation before their deadline. After a number of 
shore-based entities were contacted (Siem, IODP management, and 
Indian Ministry of Earth Sciences), the situation was ultimately re-
solved when the military moved the prohibited zone away from our 
location.

On 13 May, we prepared a new RCB CC-4 core bit and new 
MBR and deployed the new BHA. We lowered the drill string to 
3597.6 mbrf and deployed the subsea camera for reentry. Shortly af-
ter deployment, the camera had to be recovered because of a net-
work communication problem. The issue was resolved quickly, and 
IODP Proceedings 13 Volume 355
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at 1630 h the camera was again deployed. While running to bottom, 
the drilling line was slipped and cut and the RigWatch drawworks 
encoder recalibrated. At 1900 h, the ship began maneuvering for re-
entry. Picture quality was poor, primarily as a result of the seafloor 
around the reentry cone being covered with white drilling mud. The 
backscatter became worse as the camera got closer to the seafloor 
and that, coupled with particles in the water column, created a se-
vere glare. Attempts to reenter Hole U1456E continued for >18 h 
until 1315 h on 14 May when the camera failed completely and had 
to be recovered to the ship. During this time, multiple unsuccessful 
stab attempts were made, which further reduced visibility. After re-
covering the subsea camera, we attempted to disconnect the camera 
iris autoadjust feature; however, this was unsuccessful. The spare 
black and white camera was installed and this camera provided a 
better picture, although the other lighting and visibility issues re-
mained. The subsea camera was redeployed and reached the sea-
floor by 1615 h on 14 May, and attempts at reentering Hole U1456E 
resumed. With the improved picture quality and elapsed time for 
some of the particles to settle out of the water column, we finally 
reentered Hole U1456E at 1900 h after an additional 2.75 h of ma-
neuvering.

We positioned the bit just inside the throat of the reentry cone 
to thoroughly flush it with seawater in an attempt to remove the ve-
neer of cuttings and drilling mud that masked all of the cone mark-
ings. The top drive was set back, and the subsea camera recovered 
to the ship. At 0000 h on 15 May, we began lowering the pipe inside 
the casing until we encountered an obstruction at 725.6 mbsf while 
the bit was still within the casing near the casing shoe. Just as in 
Hole U1456D, the obstruction was easily passed after picking up the 
top drive, deploying an RCB wash barrel, and circulating through 
the obstruction. The pipe was advanced to 822.7 mbsf with minimal 
rotation or weight on bit. The next 12 h were spent unsuccessfully 
washing and reaming the hole in an attempt to reach to the total 
depth of the hole (1109.4 mbsf) to resume RCB coring. The deepest 
the bit could be advanced was 936.0 mbsf, and several momentary 
episodes of stuck pipe were experienced during these attempts. We 
decided to abandon Hole U1456E and concentrate on achieving at 
least some of the remaining expedition objectives at another loca-
tion. After reviewing the sites available, the collective science deci-
sion was to proceed to alternate proposed Site IND-06B (Site 
U1457), core two shallow APC holes, and then attempt to reach 
basement in the third hole using the RCB coring system. At 1530 h 
on 15 May, we began to pull the pipe out of the hole. Just as in the 
previous hole, the top drive was required in order to pull the bit 
back into the casing shoe, and drag continued even while pulling the 
bit up inside the casing. We speculate that this was as a result of a 
clay ball on the core bit being dragged into the casing from the open 
hole. The pipe trip into the casing was interrupted briefly (30 min) 
to repair a ruptured hydraulic line on the iron roughneck. Ulti-
mately the bit was pulled clear of the seafloor at 2350 h on 15 May, 
and by 0800 h on 16 May, the ship was secured and under way for 
Site U1457.

Hole U1456E consisted of 17 RCB cores recovering 82.45 m of 
core over 139.4 m of penetration (59% recovery). Including the two 
drilled intervals, the total depth of the hole was 1109.4 mbsf. Total 
time spent on Hole U1456E was 12.4 days.

Lithostratigraphy
Four lithologic units are defined at Site U1456. The lithologic 

summaries of Holes U1456A–U1456E are shown in Figure F5, and 

the composite lithology of these five holes is summarized schemati-
cally in Figure F6. Lithologic units are defined on the basis of a com-
bination of visual core description, microscopic examination of 
smear slides and thin sections, magnetic susceptibility and color 
spectral observations (see Lithostratigraphy and Physical proper-
ties in the Expedition 355 methods chapter [Pandey et al., 2016a]). 
A composite lithostratigraphy for Site U1456 was derived from a 
combination of cores from Holes U1456A (0–419.38 mbsf), 
U1456B (0–29.03 mbsf ), U1456C (0–463.73 mbsf ), U1456D 
(458.80–1024.4 mbsf), and U1456E (970.0–1104.52 mbsf), which 
were drilled to investigate the Pleistocene–Miocene stratigraphy of 
Laxmi Basin.

Lithologic Unit I is composed of light brown to light greenish 
nannofossil ooze or foraminifer-rich nannofossil ooze interbedded 
with clay, silt, and sand, in addition to smaller amounts of whitish 
calcareous ooze and nannofossil-rich clay. Unit II consists mainly of 
dark gray to black sand, silt, and clay interbedded with thin-bedded 
nannofossil-rich clay and is interpreted as a series of turbidites. The 
main lithologies of Unit III are light brown to dark green clay/clay-
stone, light brown to dark gray sand/sandstone, light greenish 
nannofossil chalk, and light to dark greenish gray nannofossil-rich 
claystone. Unit IV consists primarily of an alternation of dark gray 
claystone and light greenish calcarenite and calcilutite interbedded 
with other lithologies such as carbonate breccia and light brownish 
to whitish limestone.

Unit descriptions
Unit I

Intervals: 355-U1456A-1H-1, 0 cm, through 14H-2, 136 cm;  
355-U1456B-1H-1, 0 cm, through 4H-CC, 16 cm;  
355-U1456C-1H-1, 0 cm, through 16H-5, 27 cm

Depths: Hole U1456A = 0–121.36 mbsf, Hole U1456B = 0–29.03 
mbsf (total depth), Hole U1456C = 0–121.30 mbsf

Thickness: Hole U1456A = 121.36 m, Hole U1456C = 121.30 m
Age: Pleistocene to recent
Lithology: nannofossil ooze, foraminifer-rich nannofossil ooze, cal-

careous ooze, clay with nannofossil ooze, nannofossil-rich 
clay, clay, silt, and sand

Unit I is composed of light brown to light greenish nannofossil 
ooze or foraminifer-rich nannofossil ooze interbedded with clay, 
silt, and sand, in addition to whitish calcareous ooze and nanno-
fossil-rich clay (Figure F7). Nannofossil ooze often contains abun-
dant foraminifers, occasionally in high enough numbers that the 
sediment is a foraminifer-rich nannofossil ooze. Medium- to thick-
bedded (<100 cm) nannofossil ooze layers are generally interbedded 
with thin and very thin (<5 cm) silt and sandy silt beds that contain 
abundant foraminifers in the upper part of Unit I. In contrast, 
nannofossil ooze layers are rare in the lower part of this unit. The 
nannofossil ooze in Unit I is often very thick bedded (>100 cm), 
comprises >50% of the entire unit, and is sparsely interbedded with 
thin to very thin clayey silt and sandy silt layers. Clay is generally 
interbedded with thin- to medium-bedded (<15 cm) sand or silty 
sand and generally comprises <25% of the entire section. Occasion-
ally, sand is found in beds as thick as 40 cm, and over limited depth 
intervals it can comprise >50% of the entire section.

Thin sand or silty sand layers overlie relatively thick nannofossil 
ooze or clay layers in Unit I (Figure F8A, F8B). The coarser grained 
sediment shows normal grading, which is interpreted as evidence 
for deposition from turbidity currents. In places, several turbidites 
are stacked on top of one another. In general, the tops of the nanno-
IODP Proceedings 14 Volume 355
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fossil ooze or clay beds are sharply eroded or scoured (Figure F8C, 
F8D). These sharp contacts represent erosion and scouring inter-
preted as formed during passage of turbidity currents. The very thin 
(<2 cm) light blackish gray silt and sand layer observed above the 
erosional contact is typically enriched in foraminifers. Burrows and 
bioturbation are very common in greenish clay and silty clay (Figure 
F8E). Ichnofacies are dominated by Planolites and composite bur-
rows. Shells and shell fragments (<0.5 cm) are rare, but they are ob-
served in some calcareous ooze and sand beds (Figure F8F). Black 
spots of pyrite, sometimes present as concretions, are common in 
Unit I and, particularly, in calcareous and nannofossil ooze.

Based on microscopic observation, the most common minerals 
in the silt- to sand-sized sediment of Unit I are quartz, feldspar, and 
mica (Figure F9). In these lithologies, heavy minerals are compara-
tively rare (Figure F10). Blue-green calcic amphiboles are common, 
tourmaline and epidote are rare, and kyanite, zircon, and fibrolitic 
sillimanite are present only in trace amounts. Unit I also contains 
distinctive but rare volcanic augitic clinopyroxenes with deeply 
etched outlines and subrounded grains of bluish green glauconite. 
Nannofossils together with foraminifers are abundant, and sponge 
spicules rare (Figure F9).

X-ray diffraction (XRD) analysis was conducted on selected sed-
iment samples from Hole U1456A. XRD data were obtained from 
the bulk sediment and clay fractions. XRD data of bulk sediment in 
Unit I show that the mineral assemblage is dominated by quartz, 
muscovite, chlorite, anorthite, albite, and calcite (Figure F11). Gen-
erally, the peak intensities of minerals in Unit I are not as high as 
seen in Unit II; however, the strong calcite peak typical of Unit I in-
dicates dilution by carbonate minerals. According to XRD data 
from the clay-sized fraction, chlorite, illite, quartz, and feldspar are 
present (Figure F12). A small amount of smectite was detected in 
the glycol-treated samples in Unit I.

The lithologic unit boundary between Units I and II is located at 
Sections 355-U1456A-14H-2, 136 cm (121.36 mbsf ), and 355-
U1456C-16H-5, 27 cm (121.30 mbsf ). All of the cored interval in 
Hole U1456B belongs to Unit I. The unit boundary is distinguished 
by the abundance of calcareous and nannofossil ooze in Unit I and 
the appearance of common sand and silty sand in Unit II. This divi-
sion is also seen in magnetic susceptibility and color spectral data 
(Figure F5; see also Physical properties), as well as carbonate con-
tent (see Geochemistry).

Figure F5. Lithostratigraphic summary, Site U1456. See Figure F6 in the Expedition 355 methods chapter (Pandey et al., 2016a) for lithology legend. A. Hole 
U1456A. B. Hole U1456B. (Continued on next two pages.) 
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Unit II

Intervals: 355-U1456A-14H-2, 136 cm, through 65F-1, 19 cm;  
355-U1456C-16H-5, 27 cm, through 36F-CC, 14 cm

Depths: Hole U1456A = 121.36–361.49 mbsf, Hole U1456C = 
121.30–220.22 mbsf

Thickness: Hole U1456A = 240.13 m, Hole U1456C = 98.92 m (min-
imum thickness)

Age: late Pliocene to early Pleistocene
Lithology: sand, silt, clay, and nannofossil-rich clay

Dark grayish to blackish sand and silt and light brown nanno-
fossil-rich clay are the dominant lithologies in Unit II (Figures F5, 
F13), but most of this unit is composed of dark grayish to blackish 
sand (Figure F13A). Thick sand layers are typically massive and lack 
structures. Most of the sand is medium to fine grained. The sand is 
enriched in medium- to coarse-grained mica. Clay color varies from 
light greenish gray to light brown, depending on the nannofossil 
content (Figure F13B) and is interbedded with very thin (~1 cm) 
blackish silt and sand layers. Thin clay with silt layers are interca-
lated within thick-bedded sand and show a gradational change up-
ward from coarse to fine sediment. Such a transition suggests 
deposition from turbidity currents. Oxidized pyrite is frequently ob-
served in the thin sandy layers, as are foraminifers. Nannofossil-rich 
clay and nannofossil-rich clay with silt beds are also seen in this 

unit, but they constitute only a small proportion (Figure F13C, 
F13D). Flow-in of clay, which is a form of drilling-induced distur-
bance, is often observed toward the base of the cores taken with the 
HLAPC.

In Unit II, the most abundant minerals are quartz, feldspar, and 
mica, together with lithic fragments (metamorphic rock fragments) 
(Figure F14). Heavy minerals are common in Unit II (Figure F10). 
The suite of heavy minerals is consistent throughout the unit, con-
sisting of common blue-green calcic amphiboles, epidote, garnet, 
kyanite, and clinopyroxene, with rare zircon, tourmaline, and apa-
tite. The presence of very rare high-pressure sodic-amphiboles 
(glaucophane) and pink-green hypersthene is distinctive of this 
unit. Amphiboles are angular or have only incipient corrosion fea-
tures, whereas clinopyroxenes show commonly corroded or etched 
outlines. Foraminifers and other bioclastic fragments are very rare 
in all sand- and silt-sized layers. Nannofossils are present in low 
abundances in the interbedded nannofossil-rich clay layers.

XRD data from bulk sediment in Unit II show that the mineral 
compositions are similar to Unit I, containing quartz, muscovite, 
chlorite, anorthite, albite, and calcite (Figure F11). However, the 
peak intensities of these minerals, except for calcite, are much 
stronger than those seen in Unit I, which implies that the concentra-
tions of these minerals are much higher in Unit II. XRD analysis of 
the clay-sized fraction in Unit II is also similar to that in Unit I (Fig-

Figure F5 (continued). C. Hole U1456C. D. Hole U1456D. (Continued on next page.)
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ure F12); however, smectite seems to be absent in Unit II based on
analysis of the glycolated samples.

The lithologic unit boundary between Units II and III was re-
covered only from Hole U1456A. The lithologic unit boundary is
defined at Section 355-U1456A-65F-1, 19 cm (361.49 mbsf ). The
appearance of common light brown to dark green clay/claystone de-
fines the top of Unit III, as compared to dark gray to black sand and
silty sand found in Unit II. The Unit II/III boundary is also apparent
in magnetic susceptibility and color spectral data (Figure F5; see
also Physical properties), as well as carbonate content (see Geo-
chemistry). This lithologic unit boundary is presumed to be within
the interval drilled without coring from 221.6 to 408.0 mbsf in Hole
U1456C. Hole U1456D was also drilled without coring to 458.80
mbsf, and the boundary is presumed to fall above that depth.

Unit III

Intervals: 355-U1456A-65F-1, 19 cm, through 74X-CC, 23 cm; 
355-U1456C-38X-1, 0 cm, through 46X-1, 43 cm; 
355-U1456D-2R-1, 0 cm, through 30R-1, 30 cm

Depths: Hole U1456A = 361.49–419.38 mbsf (total depth), Hole 
U1456C = 408.0–463.73 mbsf (total depth), Hole U1456D 
= 458.80–730.70 mbsf

Thickness: Hole U1456A = 57.89 m (minimum thickness), Hole 
U1456C = 55.73 m (minimum thickness), Hole U1456D = 
271.90 m

Age: late Miocene to late Pliocene
Lithology: clay/claystone, sand/sandstone, nannofossil chalk, and 

nannofossil-rich claystone

The major lithologies of Unit III consist of light brown to dark
green clay/claystone, light brown to dark gray sand/sandstone, light
greenish nannofossil chalk, and light to dark greenish gray nanno-
fossil-rich claystone (Figures F5, F15). Varying carbonate content,
mostly in the form of nannofossils, causes the color difference be-
tween different clay layers. Some of the sediment is indurated, but

Figure F5 (continued). E. Hole U1456E.

Hole U1456E
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this unit, limestone and breccia 
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D.K. Pandey et al. Site U1456
most of the recovered sediment is lithified. Sediment becomes no-
ticeably more lithified deeper than 394.34 mbsf (Section 355-
U1456A-71X-4). The corresponding interval was not sampled 
again; it was drilled without coring in Holes U1456C (drilled inter-
val 355-U1456C-371) and U1456D (drilled interval 355-U1456D-
11). Deeper than 394 mbsf, whitish calcareous chalk, light greenish 
gray claystone, claystone with nannofossils, and nannofossil chalk 
are prevalent. It is noteworthy that among these lithologies 
clay/claystone and sand/sandstone occur together, separated clearly 
from nannofossil chalk and nannofossil-rich claystone layers. Such 
differentiation is also reflected in physical properties such as mag-
netic susceptibility and lightness of sediment color (Figure F5).

The light gray and light brown sand and clay layers are inter-
bedded with sharp erosive boundaries at the base of the sand and 
show normal grading between the layers (Figure F15A). Sand layers 
include common mica grains. In addition, thin silty laminae are in-
tercalated within clayey layers (Figure F15B). Abundances of de-
formed clay/claystone patches (i.e., rip-up clasts) are common 
within sandstones. These may suggest deposition by turbidity cur-
rents, as observed in Units I and II. The light gray sand in the upper 
part of Unit III is different from that of the lower part and includes 
thin (~1 cm) wood fragment-rich laminae (Figure F15C). These tiny 
fibrous wooden particles form very thin (a few millimeters) laminae, 
which are intercalated within mostly dark greenish gray claystone 
(Figure F15D). These sedimentary features imply that the sediment 
may have been transported from a terrestrial environment. Another 

remarkable feature of this unit is the black staining in claystone (Fig-
ure F15D), which seems to be a result of chemical reaction within 
the sediment. The dark gray claystone with silt is almost devoid of 
bioturbation. Light greenish nannofossil chalk and light to dark 
greenish gray nannofossil-rich claystone represent other dominant 
lithologies from this unit (Figure F15E, F15F). The chalk and clay-
stone are characterized by intensive bioturbation, which is similar 
to that observed in Unit I. The ichnofacies are dominated by Plano-

Figure F7. Dominant lithologies in Unit I, Hole U1456A. A. Calcareous ooze 
(12H-1, 22–32 cm); B. Nannofossil ooze (5H-1, 110–120 cm). C. Nannofossil-
rich clay (4H-7, 38–48 cm). D. Sand (6H-4, 80–90 cm).

BAA

DC

Figure F8. Sedimentary structures and other features, Hole U1456A. 
A. Stacked turbidites showing normal grading (7H-5, 63–82 cm). B. Nanno-
fossil ooze turbidite showing black spots of oxidized pyrite (10H-1, 110–120 
cm). C. Sharp boundary between thick layer of clay and interbedded thin silt 
layer (7H-4, 81–91 cm). D. Erosional scoured surface at the top of nannofossil 
ooze (10H-4, 94–101 cm). E. Intense burrows (8H-2, 86–96 cm). F. Shells and 
shell fragments (1H-1, 36–46 cm).

FE

A B

C D
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D.K. Pandey et al. Site U1456
lites, Chondrites, and Zoophycos, as well as complex composite bur-
rows (Figure F15E), typical of a deep-water clastic setting. Pyrite 
nodules frequently occur in this lithology (Figure F15F).

In Unit III, the most common minerals observed are quartz, 
feldspar, and mica, with rare heavy minerals (Figures F10, F16). 
Heavy mineral concentration changes with grain size, with a greater 
abundance in the coarser silty and sandy fraction. Different abun-
dances and assemblages of dense minerals characterize each litho-
logy. In silty sandstone, heavy minerals are common. In that 
lithology, the assemblage is characterized by abundant blue-green 
hornblende, pale green clinopyroxene, and epidote with rare garnet 
and trace amounts of kyanite, apatite, zircon, tourmaline, and rutile. 
Nannofossil chalk contains only rare or traces of heavy minerals, 
with common blue-green hornblende and epidote, rare garnet, silli-
manite, and bluish gray chloritoid, together with traces of apatite, 
zircon, tourmaline, and rutile. Nannofossil-rich claystone contains 
only traces of green tourmaline (Figure F10). Amphiboles show 
well-developed corrosion features, and etched outlines are com-
mon. Euhedral authigenic Ti oxides and platy flakes of Fe oxides are 

also present in trace concentrations in claystone and nannofossil-
rich claystone.

The lithologic unit boundary between Units III and IV was 
cored only in Hole U1456D and is defined at Section 355-U1456D-
30R-1, 30 cm (730.70 mbsf ) (Figure F17A). The lithologic unit 
boundary in Hole U1456E is presumed to be within the interval 
drilled without coring down to 970 mbsf. The unit boundary is 
marked by brownish gray silty claystone along with silty sandstone 
at the base of Unit III overlying the greenish gray nannofossil chalk 
and dark gray claystone of Unit IV. There is a clear color change be-
tween Units III and IV, which is also paralleled in physical proper-
ties such as magnetic susceptibility (Figure F5; see also Physical 
properties).

Unit IV

Intervals: 355-U1456D-30R-1, 30 cm, through 61R-CC, 16 cm (total 
depth); 355-U1456E-3R-1, 0 cm, through 19R-CC, 19 cm 
(total depth)

Depths: Hole U1456D = 730.70–1018.46 mbsf (total depth), Hole 
U1456E = 970.0-1104.52 mbsf (minimum)

Thickness: Hole U1456D = 287.76 m, Hole U1456E = 134.52 m 
(minimum thickness)

Age: Miocene
Lithology: calcarenite, calcilutite, claystone, siltstone, breccia, con-

glomerate, and limestone

Unit IV consists mainly of four lithologies (Figures F5, F17):

1. Light greenish calcarenite and calcilutite,
2. Dark gray claystone,
3. Breccia and conglomerate, and
4. Light brownish to whitish limestone.

Dark gray massive claystone, light greenish calcarenite and cal-
cilutite, and breccia/conglomerate are dominant in the upper part 
of Unit IV. In the lower part of this unit, limestone and breccia are 
most abundant, with interbedded calcarenite, calcilutite, and clay-
stone. Similar lithologic changes are also discernible in magnetic 
susceptibility and sediment color measurements (Figure F5).

The dark gray claystone is mostly massive (Figure F17B) and is 
marked by light brownish to light greenish interbeds of nannofossil-
rich claystone, nannofossil chalk, and siltstone. Various colors of 
claystone, including dark brown, light blue, and pale blue, occur be-
tween 1011.15 and 1012.49 mbsf (Sections 355-U1456E-8R-3, 61 
cm, through 8R-4, 94 cm). The bluish claystone is very rich in smec-
tite as determined by XRD analysis, although smear slide examina-
tion finds only brownish volcanic glass in the clay. The bed appears 
to be a thick, altered tephra. Thick to very thick beds of fine- to me-
dium-grained calcarenite and calcilutite with nannofossils and fora-
minifers occur only below 837.10 mbsf (Section 41R-1). The light 
grayish green calcarenite and calcilutite can be easily distinguished 
from dark gray claystone (Figure F17C). The calcarenite is often 
interbedded with foraminifer-rich claystone patches and granule-
sized intraclasts of carbonate, with abundance increasing with 
depth. Calcarenite and calcilutite also show reverse grading from 
medium-grained calcarenite at the top of a given bed and very fine 
grained calcilutite at the bottom (Section 42R-1 through 43R-3). 
Normal grading with fine calcarenite at the top of a bed and coarse 
calcarenite at the bottom was also observed at 871.60 mbsf (Section 
45R-2). The boundary between calcarenite or calcilutite and dark 
gray claystone is normally sharp and erosive. Breccia is dominated 
by subangular to subrounded carbonate (<3 cm) clasts, small clasts 

Figure F9. Microscopic observation of smear slides in Unit I, Hole U1456A. 
A. Nannofossil ooze (1H-3, 21 cm). B. Calcareous ooze (4H-1, 60 cm). C. Sand 
(6H-4, 101 cm). D. Silt (6H-5, 28 cm). E. Nannofossil ooze with silt (7H-2, 66 
cm). F. Nannofossil-rich clay (14H-3, 50 cm).
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of claystone, and weathered volcanic material (Figure F17D). Small 
breccia clasts are matrix supported, mostly by clay or clay and car-
bonate mixtures. Coarser grained breccias have matrixes that are 
not strongly cemented. The size of breccia limestone clasts in-
creases with depth. Light brownish to whitish limestone (Figure 
F17E) is found in the lower part of this unit only below 981.79 mbsf 
(Sections 355-U1456D-59R-1, 0 cm, and 355-U1456E-5R-1, 119 
cm). This light brownish limestone is deposited with calcarenite 
and calcilutite along with breccia and conglomerate.

Unit IV shows diverse structural features such as microfaults, 
folds, slickensides, and inclined to vertical bedding (Figure F18). 
High-angle faults and slickensides are observed in silty claystone 
and calcarenite (Figure F18A, F18B). Soft-sediment folds are com-
mon in claystone and limestone (Figure F18C, F18D). In addition, 
vertical bedding indicates larger scale folding or tilting (Figure 

F18E). Pressure-induced sedimentary structures (i.e., stylolites) are 
observed within limestone (Figure F18F). Sedimentary structures 
caused by loading pressure are also observed as clast (typically cal-
cite fragments) loading into the claystone, as exhibited by the soli-
tary clast in Figure F18G. Limestones are often highly bioturbated, 
showing Zoophycos, Planolites, and Skolithos burrows (Figure 
F18H). Most of these sedimentary structures indicate that Unit IV 
was formed as a result of mass transport (Pickering and Hiscott, 
2015).

In Unit IV, the most common minerals are quartz and mica, 
with very rare or trace amounts of heavy minerals (Figures F10, 
F19. Heavy mineral suites are common in sandstone, and their rela-
tive contribution to the total assemblage in siltstone and claystone 
decreases with the reduction of grain size. Heavy minerals are ab-
sent in nannofossil-rich calcarenite and calcilutite. Silty sandstone 

Figure F10. Heavy-mineral assemblages, Holes U1456A and U1456D. A, F. Blue-green hornblende; (A) U1456A-1H-3, 49 cm; (F) 34F-1, 21 cm. B, I. Kyanite; 
(B) U1456A-6H-4, 101 cm; (I) 56F-1, 30 cm. C, O. Tourmaline; (C) U1456A-8H-4, 35 cm; (O) U1456D-9R-4, 73 cm. D. Deeply etched clinopyroxene (U1456A-7H-1, 
137 cm). E. Subrounded and corroded glauconite (U1456A-7H-5, 31 cm). G. Epidote (U1456A-51F-3, 60 cm). H. Glaucophane (U1456A-50F-1, 70 cm). J. Hypers-
thene (U1456A-60F-1, 40 cm). K. Spinel and garnet (U1456D-18R-3, 3 cm). L. Opaques (U1456A-69F-2, 123 cm). M. Hornblende and epidote (U1456D-18R-2, 81 
cm). N. Chloritoid (U1456A-71X-1, 110 cm). P. Magnetite (U1456D-47R-1, 133 cm). Q. Spinel (U1456D-52R-2, 102 cm). R. Zircon (U1456D-32R-1, 45 cm), S. Garnet 
(U1456D-33R-5, 34 cm). T. Hornblende (U1456D-31R-2, 83 cm).
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D.K. Pandey et al. Site U1456
displays common heavy minerals with common blue-green horn-
blende and epidote, rare garnet, and traces of apatite, zircon, and 
tourmaline (Figure F19). Silty claystone and claystone contain trace 
or rare heavy minerals with rare hornblende, actinolite, epidote, and 
garnet and traces of zircon, tourmaline, spinel, and rutile. Nanno-
fossil-rich claystone contains only trace amounts of heavy minerals 
with rare zircon, tourmaline, and rutile and traces of hornblende, 
apatite, and garnet. A thin section of a clast from one of the breccias 

Figure F11. XRD patterns of bulk sediment selected from Units I and II, Hole 
U1456A. Chl = chlorite, Ms = muscovite, Qz = quartz, An = anorthite, Ab = 
albite, Cal = calcite.
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Figure F12. XRD patterns of clay fraction selected from Units I and II, Hole 
U1456A. Sme = smectite, Chl = chlorite, Ilt = illite, Qz = quartz, Fsp = Feld-
spar.
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shows oriented plagioclase feldspar crystals within a basaltic 
groundmass (Figure F19E).

Dark gray sandstone interbedded with silty claystone and over-
lain by dark gray silty sandstone is observed at the bottom of Unit 
IV (Sections 355-U1456E-19R-2, 19 cm, through 19R-CC, 17 cm) at 
the base of Hole U1456E, just below a thin layer of breccia (Figure 
F17F). The sandstone is much darker in color and has sub-
horizontal bedding. This change in lithology is also paralleled by 
changes in physical properties such as magnetic susceptibility and 
natural gamma radiation. This sandstone may represent the last in 
situ deposit below the mass transport deposit, or it may be a differ-
ent lithology within the slump. The sandstone is found between 
1101.67 mbsf (Section 19R-2, 19 cm) and the base of Hole U1456E 
at 1104.52 mbsf.

Discussion
Depositional environments

Trace fossils preserved in deep-sea sediment represent the last 
burrows that are imposed on a sediment, mostly within the upper-

most 5–7 cm of the seafloor (Ekdale et al., 1984). The assemblages 
seen in fine-grained sediment within our cores are typical of inter-
mediate to very deepwater sedimentary environments in distal clas-
tic settings and mostly correspond to the Nereites ichnofacies. This 
ichnofacies indicates sedimentation in abyssal or equivalent deep-
sea environments and it is associated with pelagic deposits and dis-
tal turbidites (Seilacher, 1967). We conclude that water depths have 
not changed appreciably since ~10 Ma at Site U1456 and have re-
mained deep since that time.

Burrows are mostly observed in hemipelagic nannofossil-rich 
clay and claystone as well as nannofossil ooze and chalk that domi-
nate Units I and III. Such nannofossil-rich claystone and nanno-
fossil chalk are also observed interbedded in the lower part of Unit 

Figure F14. Microscopic observation of smear slides in Unit II, Hole U1456A. 
A. Sand (17F-1, 80 cm). B. Sand with silt (56F-1, 30 cm). C. Silty sand (23F-1, 42 
cm). D. Silt (46F-1, 50 cm). E. Nannofossil ooze with silt (59F-1, 19 cm). F. Nan-
nofossil-rich clay (59F-1, 19 cm).
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Figure F15. Dominant lithologies in Unit III, Hole U1456D. A. Sand and clay 
showing sharp boundary and normal grading (2R-2, 47–66 cm). B. Clay inter-
calated with very thin silty laminae (3R-2, 47–68 cm). C. Wood fragment layer 
interbedded with sandstone (5R-1, 0–20 cm). D. Very thin laminae of tiny 
fibrous wood particles and black staining in claystone (18R-2, 28–54 cm). 
E. Various kinds of burrowing structures in nannofossil chalk (9R-5, 41–58 
cm). F. Pyrite concretion in nannofossil-rich claystone (9R-3, 39–55 cm).
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IV. Planolites is dominant in Unit I, whereas pelagic/hemipelagic 
sediment in Units II and III show strong bioturbation dominated by 
fodinichnia (traces of infaunal deposit feeders), such as Planolites, 
Zoophycos, Chondrites, and various composite burrows (Figure 
F15E). This indicates that sedimentation in this region took place in 
the presence of highly oxic conditions at the seawater/sediment in-
terface and within the sediment mixed layer (see Geochemistry). 
Vertical burrows, such as Skolithos, are commonly associated with 
low sedimentation–rate environments with extremely depleted or-
ganic content (Kemp, 1995) and are almost absent in our cores, 
which is unsurprising given the submarine fan setting.

Clastic sedimentation dominates the drilled stratigraphy, yet 
several biogenic intervals are known, which is perhaps to be ex-
pected given the clastic hiatus associated with the current Holocene 
highstand (Kolla and Coumes, 1984; Prins et al., 2000). Biogenic 
carbonate (nannofossil ooze/chalk, nannofossil-rich clay/claystone) 
is more common in Unit I and part of Units III and IV. These pelagic 
deposits formed during periods of increased surface water produc-

tivity and/or decreased clastic influx, but all units show some evi-
dence for the long-term influx of clastic sediment.

The commonly muddy and carbonate-rich character of Unit I 
indicates that this site has been in a distal location in relation to ac-
tive depocenters throughout the Middle to Late Pleistocene climatic 
fluctuations (since ~1.2 Ma). Changes in clastic content and mag-
netic susceptibility are noted, but their cause is presently unknown 
(see Paleomagnetism and rock magnetism). The muddy character 
suggests sedimentation in a lower fan, distal plain setting for Unit I 
(Mutti and Johns, 1978; Walker, 1978). There is no suggestion that 
the muddy character of this unit reflects slow erosion onshore and 
reduced sediment delivery in the Indus at this time. Indeed, regional 
sediment mass flux budgets here and across Asia generally point to 
fast sedimentation through the Pleistocene (Métivier et al., 1999; 
Clift, 2006). Slow sedimentation at Site U1456 is the result of active 
lobe avulsion and autocyclic processes within the fan. Although sin-
uous channels are recognized at the modern seafloor within Laxmi 
Basin (Mishra et al., 2015), they do not appear to be supplying much 
coarse sediment to Site U1456.

Terrigenous sediment, such as dark grayish to blackish sand, 
dominates Unit II and is interpreted as turbidites (Figure F13). The 
sequence is mostly sandy but with intervening muddy intervals. 
Consideration of the seismic profiling, together with the lack of 
stacked sand beds in the cores, rules out a channel setting for Unit II 
but rather favors sheet-like turbidite sedimentation within an active 

Figure F16. Microscopic observation of smear slides in Unit III, Site U1456. 
A. Nannofossil ooze with clay (U1456A-69F-1, 40 cm). B. Calcareous silt with 
clay (U1456A-70F-1, 71 cm). C. Calcareous clay with silt (U1456A-68F-1, 17 
cm). D. Sandy silt with clay (U1456A-71X-1, 115 cm). E. Clay (U1456A-71X-2, 
72 cm). F. Nannofossil chalk (U1456D-8R-1, 79 cm).
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Figure F17. Dominant lithologies of Unit IV, Holes U1456D and U1456E. 
A. Lithologic unit boundary between Units III and IV (U1456D-30R-1, 22–36 
cm). B. Dark claystone (U1456D-54R-2, 29–39 cm). C. Calcarenite (U1456D-
41R-1, 10–20 cm). D. Breccia consisting of limestone and claystone clasts 
(U1456E-6R-2, 35–47 cm). E. Limestone (U1456D-59R-1, 48–58 cm). F. Litho-
logic boundary between dark gray sandstone and silty claystone beds 
(U1456E-19R-2, 10–30 cm).
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lobe (Mutti, 1992; Normark et al., 1993). The lack of coarse sand or 
gravel also argues for this being a sheet-type lobe in a mid- or lower 
fan setting supplied by sediment from an incised channel upslope. 
Rapid accumulation of sediment in a short period is indicated by the 
bio- and magnetostratigraphic age model (Figure F20), consistent 
with a lobe setting. Unit III is characterized mostly by terrigenous 
sediment and sequences of hemipelagic sediment (Figure F15). The 
graded and erosive cycles of clay and sand found within Unit III are 
interpreted as distal turbidity current deposits. Because of the low 
recovery it is not entirely clear how the sandy layers in Unit III are 
organized. If much of the missing section is rich in sand, as might be 
inferred given that poorly consolidated sands are notoriously diffi-
cult to recover, particularly with rotary coring, then it is possible 
that this unit represents another, slightly more distal lobe, similar to 
Unit II and separated from it by a hemipelagic sequence assigned to 
the top of Unit II spanning ~360–460 mbsf. If the recovery is really 
representative of the entire unit, then this sequence would represent 
sedimentation on the distal edge of a suprafan lobe in its transition 
into basin plain turbidites (Normark, 1978). It is clearly more distal 
that the thick sand of Unit II.

Mass transport
Unit IV is >350 m thick and consists of claystone and a mixture 

of light gray calcarenite/calcilutite and gray breccia with conglom-
erate (Figure F17). The lower part of the unit is a repetition of the 
upper part with more intense brecciation, interpreted as the prod-
uct of mass transport. Calcarenite and calcilutite are composed 
mostly of detrital carbonate grains transported from land and de-

posited in the area of the drill site. These are concentrated toward 
the base of the unit at >970 mbsf. Various deformation structures 
(e.g., microfaults, slickensides, soft-sediment folds, vertical bed-
ding, stylolites, and load structures; Figure F18) are mostly found in 
claystone and limestone within this unit. The breccia includes clasts 
ranging at least to 10 cm across and possibly much greater, which 
cannot be assessed in a narrow core. The clasts are composed of cal-
cite and limestone and are poorly sorted, ungraded, and subangular 
to subrounded. The clasts are suspended in a clay mixed with car-
bonate matrix typical of debris flow emplacement. The deformation 
structures and breccia indicate that deposition in the lower part of 
Unit IV was a result of debris flows processes. Unit IV correlates 
closely with the Nataraja slide identified from seismic reflection 
profiles and which is seen along much of the length of the Laxmi 
Basin as far north as ~21°N (Calvès et al., 2015).

Sediment at Site U1456 indicates three primary types of depo-
sition:

1. Pelagic sediment such as nannofossil ooze/chalk and nanno-
fossil-rich clay, which are highly bioturbated and present in 
Units I, II, and III;

2. Turbidites composed of silty sand/sandstone and clay/claystone 
with a clear Indus provenance; and

3. Mass transport deposits comprising conglomerate and breccia 
eroded from the Indian continental shelf.

Carbonate intervals composed of calcarenite/calcilutite were 
also derived from the Indian shelf. Although neighboring submarine 
ridges and seamounts (e.g., Laxmi Ridge or Panikkar Ridge) could 

Figure F18. Main sediment features of Unit IV, Holes U1456D and U1456E. A. Microfault (arrow) (U1456D-45R-2, 31–43 cm). B. Slickenside (U1456E-9R-4, 51–62 
cm). C, D. Soft-sediment deformation; (C) U1456D-46R-4, 56–72 cm; (D) 58R-2, 34–49 cm. E. Vertical bedding (U1456D-9R-4, 92–100 cm). F. Stylolite (arrow) 
(U1456D-10R-4, 67–82 cm). G. Load structure (U1456E-6R-3, 118–133 cm). H. Burrows (U1456E-12R-1, 28–43 cm).
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supply some carbonate debris, the scale of the deposit recovered in 
Unit IV clearly points to the Indian continental margin as the pri-
mary source. This interpretation is consistent with evidence for re-
cently active mass wasting from the Indian margin offshore 
Ratnagiri and Goa (Rao and Wagle, 1997).

Provenance
The location of Site U1456 and the mineralogy of the cored sed-

iment require derivation of material from the western margin of the 
Indian subcontinent, mainly from the Indus River, which drains the 
high-relief topography of the western Tibetan Plateau, Karakoram, 
and Himalaya (Milliman et al., 1984; Garzanti et al., 2005). The rela-
tive input from those rivers draining the Himalaya through the Pun-
jab (currently the Ravi, Jhellum, Chenab, and Sutlej Rivers but 
previously involving the Yamuna and Ghaggar-Hakra Rivers [Saini 
et al., 2009; Clift et al., 2012]) and from the trunk Indus coming 
from the Karakoram and western Tibet varies depending on climate 
zoning and drainage reorganization (Clift et al., 2008a). The Indian 
peninsula is likely a much less important source because the wide 
continental shelf acts as a major sediment buffer (Rao and Wagle, 
1997), and smear slide descriptions of sediment at Site U1456 con-
firm that peninsular sources are only intermittently important, at 
least in Units I–III. Sediment flux from the major rivers draining the 
peninsula, such as the Narmada and Tapti Rivers, is less than the 
Indus but may have been significant at times. Milliman and Syvitski 
(1992) recorded a sediment load for the pre-recent Narmada River 
at around half that of the Indus, ~125 × 106 versus 250 × 106 tons/y. 

Mineralogy evidence from our cores strongly supports a dominant 
Indus signature and suggests significant sequestration of Nar-
mada/Tapti sediment on the shelf, or that the relative discharges of 
the Indus and Narmada Rivers were more asymmetric in the past.

Biostratigraphy
Samples from core catchers and additional samples from split 

core sections from Holes U1456A–U1456E were examined to de-
fine calcareous nannofossil, planktonic foraminifer, radiolarian, and 
diatom biostratigraphies for Site U1456. The chronologic frame-
work for Site U1456 is based on the identification of a series of cal-
careous nannofossil and planktonic foraminifer events (Table T2; 
Figure F20) and paleomagnetic events (Table T21; Figure F20). 
Nannofossils are generally abundant and moderately to well pre-
served in most samples examined (Tables T3, T4, T5, T6). Plank-
tonic foraminifers are abundant and well preserved in most samples 
but are absent in the coarser grained intervals of lithologic Units II 
and III (see Lithostratigraphy). Planktonic foraminifer preserva-
tion is poor in some core catcher samples toward the bottom of 
Hole U1456A (Tables T7, T8). Diatoms were observed in the mud-
line samples collected and in the uppermost samples of Holes 
U1456A and U1456C (Table T9). Radiolarians are only present in 
very low abundance in the topmost sections of Holes U1456A and 
U1456C (Table T10), below which samples are barren of both 
radiolarians and diatoms (Tables T11, T12).

The succession of calcareous nannofossil and planktonic fora-
minifer events indicates that Site U1456 spans the Miocene through 
recent. The biostratigraphic framework established at Site U1456 
enabled the identification of three unconformities and an interval of 
mass transport deposition. Calculated sedimentation rates at Site 
U1456 suggest that the sedimentation rate appears to have been rel-
atively consistent in the late Miocene at ~10 cm/ky, although depo-
sition was interrupted for ~0.5 million years between ~8.1 and 8.6 
Ma. Another unconformity spanning ~2.0 million years and encom-
passing the Miocene/Pliocene boundary (5.33 Ma) was identified at 
~470 mbsf in the upper part of lithologic Unit III. The sedimenta-
tion rate in the late Pliocene to early Pleistocene was again ~10 
cm/ky. After a 0.45 million year hiatus, sedimentation rates in the 
early Pleistocene are much higher (~45 cm/ky) during deposition of 
Unit II. The sedimentation rate slowed down from the late early 
Pleistocene to recent, averaging ~12 cm/ky (Figure F20).

Calcareous nannofossils
All advanced piston corer (APC), extended core barrel (XCB), 

and rotary core barrel (RCB) core catcher samples were examined 
from Holes U1456A–U1456E in order to establish a calcareous 
nannofossil biostratigraphy (Table T2; Figure F20). When the half-
length advanced piston corer (HLAPC) was used, at minimum ev-
ery second core catcher (1 sample/~9.5 m) was examined. Addi-
tional samples were taken from the split core sections of Holes 
U1456A–U1456E to constrain biohorizons. The section sampled in 
Holes U1456A and U1456C spans the Pliocene to recent, whereas 
those in Hole U1456D and U1456E are predominantly late Miocene 
in age (Tables T3, T4, T5, T6).

Calcareous nannofossil assemblages are generally abundant and 
diverse and are well preserved through lithologic Unit I (see Litho-
stratigraphy). Within Unit II, nannofossils are scarce in the domi-
nantly sandy lithologies but abundant through the fine-grained 
interbedded clays. Unit III is dominated by finer grained lithologies 
with common to abundant nannofossils. Nannofossils in Units II 

Figure F19. Microscopic observation of (A–F) thin sections and (G–I) smear 
slides, Holes U1456D and U1456E. A, D. Calcarenite with foraminifers and 
miliolids; (A) U1456E-10R-1, 31–34 cm; (D) 10R-1, 31–34 cm. B. Basalt-calcilu-
tite (U1456E-14R-2, 114–116 cm). C. Fe oxides and hydroxides (U1456D-57R-
7, 33–37 cm). E. Plagioclase in basalt with calcite filling (U1456D-46R-1, 21–
24 cm). F. Rhombohedral calcite (U1456D-57R-7, 33–37 cm). G. Nannofossil 
chalk (U1456D-8R-1, 79 cm). H. Nannofossil-rich calcilutite (U1456D-41R-1, 
10 cm). I. Bluish claystone (U1456E-8R-4, 20 cm).
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and III show moderate to good preservation. Nannofossil abun-
dance in Unit IV varies from absent to abundant, and preservation 
also varies significantly from poor to good. There is common re-
working of Cretaceous and Paleogene forms in Units I–III, whereas 
Unit IV includes Paleogene and early Neogene reworking, with only 
very sparse Cretaceous forms. Some individual horizons in Unit IV 
contain reworked assemblages with no in situ taxa, suggesting that 
deposition of the reworked material was so rapid that the normal 
background pelagic sedimentation was not included before the re-
worked sediments were further buried.

Pleistocene
Emiliania huxleyi is present in Samples 355-U1456A-1H-CC 

through 3H-CC (4.49–23.34 mbsf), as well as Sample 355-U1456C-
1H-CC (7.33 mbsf ), dating the samples to <0.290 Ma within Zone 
NN21 of Martini (1971). The absence of E. huxleyi and Pseudo-
emiliania lacunosa in Samples 355-U1456A-4H-CC (32.86 mbsf) 
and 355-U1456C-3H-CC through 5H-CC (17.7–35.84 mbsf) indi-
cates Zone NN20, which is assigned to 0.29–0.44 Ma. The last oc-
currence (LO) of P. lacunosa is a globally synchronous event 
(Thierstein et al., 1977) that is used to mark the top of Zone NN19 
(0.44 Ma). This species is first noted in Samples 355-U1456A-5H-

CC (42.25 mbsf ) and 355-U1456C-6H-CC (46.77 mbsf ). Reticulofe-
nestra asanoi has a last common and first common appearance at 
0.91 and 1.14 Ma, respectively. This species occurs in Samples 355-
U1456A-11H-CC through 13H-CC (99.24–118.01 mbsf) and 355-
U1456C-13H-CC through 18H-CC (95.64–136.97 mbsf), indicating 
an age of 0.91–1.14 Ma for this interval. The base of the reappear-
ance of Gephyrocapsa spp. >4 μm (1.04 Ma) occurs in Sample 355-
U1456A-12H-CC (106.23 mbsf ).

Samples 355-U1456A-24F-1, 94 cm, through 58F-1, 74 cm 
(173.14–329.14 mbsf ), are dated at 1.24–1.62 Ma based on the pres-
ence of large gephyrocapsids (Gephyrocapsa oceanica >5.5 μm and 
Gephyrocapsa caribbeanica >5.5 μm). The first occurrence (FO) of 
Gephyrocapsa spp. >4 μm, dated to 1.73 Ma, occurs in Sample 58F-
CC (330.63 mbsf). No other nannofossil bioevents are noted 
throughout the interval between 173.14 and 329.14 mbsf within 
lithologic Unit II in Hole U1456A. This is likely in part because of 
the coarse-grained sediment that dominates this interval (see 
Lithostratigraphy). Helicosphaera sellii (LO at 1.26 Ma) is not ob-
served in this section, probably because of the sparse nature of the 
assemblages. This species is found together with Calcidiscus mac-
intyrei (LO at 1.60 Ma) in Sample 58F-1, 31 cm (328.71 mbsf ), just 
above the FO of Gephyrocapsa >5.5 μm (1.62 Ma). The sedimenta-

Table T2. Biostratigraphic datums for Holes U1456A and U1456C–U1456E, illustrated in Figure F20. * = planktonic foraminifer, others are calcareous nanno-
fossils. † = Sphenolithus heteromorphus was observed in one sample near the base of Hole U1456E, therefore it is plotted as its total range, with errors above 
and below the sample in which it was observed. Samples and depths in bold indicate the sample in which the fossil was observed. T = top, B = base, Bc = base 
common. Download table in .csv format. 

Datum
Age 
(Ma)

Age 
range (Ma)

Hole, core, section,
interval (cm)

Base depth 
(mbsf )

Top depth 
(mbsf )

Hole, core, section,
interval (cm)

Base depth 
(mbsf )

Top depth 
(mbsf)

355- 355-
T Globigerinoides ruber pink* 0.12 U1456A-2H-CC/1H-CC 4.49 10.35 U1456C-3H-CC/1H-CC 7.33 17.70
B Emiliania huxleyi 0.29 U1456A-3H-CC/4H-CC 24.34 32.86 U1456C-1H-CC/3H-CC 7.33 17.70
T Pseudoemiliania lacunosa 0.44 U1456A-4H-CC/5H-CC 32.86 42.25 U1456C-5H-CC/6H-CC 35.84 46.77
T Globorotalia tosaensis* 0.61 U1456A-9H-CC/8H-CC 69.79 80.28 U1456C-8H-CC/8H-5, 85 63.15 65.73
T Reticulofenestra asanoi 0.91 U1456A-10H-CC/11H-CC 89.61 99.24 U1456C-12H-CC/13H-CC 86.62 95.64
Coiling change Pulleniatina* 0.8 U1456A-10H-CC/11H-CC/12H-CC† 89.61 106.23 U1456C-10H-4, 70/ 

10H-CC/12H-4, 77
72.00 82.57

B reentrance Gephyrocapsa spp. >4 μm 1.04 U1456A-12H-CC/13H-CC 106.23 118.01
B Reticulofenestra asanoi 1.14 U1456A-13H-CC/14H-CC 118.01 120.36 U1456C-18H-CC/19F-CC 136.97 139.86
T Gephyrocapsa spp. >5.5 μm 1.24 U1456A-18F-1, 52/18F-CC 144.52 148.22
T Neogloboquadrina acostaensis* 1.58 U1456A-58F-CC/52F-CC 277.05 330.77
T Calcidiscus macintyrei 1.6 U1456A-58F-2, 86/58F-CC 330.25 330.77
B Gephyrocapsa spp. >5.5 μm 1.62 U1456A-58F-1, 74/ 

58F-2, 20
329.14 329.59

B Gephyrocapsa spp. >4 μm 1.73 U1456A-58F-CC, 10-12/58F-CC 330.63 330.77
T Discoaster brouweri 1.93 U1456A-60F-CC/61F-CC 339.96 345.84
T Discoaster pentaradiatus 2.39 U1456A-60F-CC/61F-CC 339.96 345.84
T Discoaster surculus 2.49 U1456A-62F-CC/63F-1, 116 348.04 353.06
T Sphaeroidinellopsis seminulina* 3.375 3.16–3.59 U1456A-73X-CC/68F-CC 378.86 417.21 U1456C-38X-CC/36F-CC 220.17 409.05
B Globorotalia tumida* 5.57 U1456D-6R-CC/7R-CC 497.90 511.40
T Discoaster quinqueramus 5.59 U1456D-2R-CC/3R-CC 462.36 470.26
T Nicklithus amplificus 5.94 U1456D-7R-CC/8R-1A, 81 511.39 517.81
B Pulleniatina primalis* 6.6 U1456D-7R-CC/8R-CC 511.40 525.30
B Nicklithus amplificus 6.91 U1456D-10R-CC/11R-CC 543.76 558.35
T Discoaster loeblichii 7.53 U1456D-15R-CC/16R-CC 587.87 603.90
B Discoaster berggrenii 8.29 U1456D-29R-CC/30R-1, 41 726.55 730.81
B Globigerinoides extremus* 8.93 U1456D-15R-CC/16R-CC 587.90 603.90
T Minylitha convallis 8.68 U1456D-29R-CC/30R-1, 75 726.55 730.81
Bc Reticulofenestra pseudoumbilicus 8.79 U1456D-29R-CC/30R-1, 75 726.55 730.81
T Discoaster bollii 9.21 U1456D-29R-CC/30R-1, 75 726.55 730.81
T Discoaster hamatus 9.53 U1456D-31R-CC/32R-3, 85 749.70 753.65
T Catinaster coalitus 9.69 U1456D-32R-CC/33R-4, 144 759.65 765.25
B Neogloboquadrina acostaensis* 9.83 U1456D-37R-CC/41R-4, 111 804.50 842.10
B Discoaster hamatus 10.55 U1456D-43R-CC/44R-CC 865.02 866.37
B Catinaster coalitus 10.89 U1456D-57R-7, 80/57R-CC 986.65 986.84
Sphenolithus heteromorphus 15.62 13.53–17.71 U1456E-18R-CC/19R-4, 46/19R-4, 59† 1103.86 1094.54
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tion rate is very high (~45 cm/ky) throughout Unit II (Figure F20), 
resulting in incorporation of less pelagic sediment (see Lithostra-
tigraphy) and therefore diluted nannofossil assemblages.

We interpret the LOs of Discoaster brouweri (1.93 Ma; top of 
Zone NN18) and Discoaster pentaradiatus (2.39 Ma; top of Zone 
NN17) in Sample 355-U1456A-61F-CC (345.84 mbsf) to indicate a 
hiatus of at least 0.45 million years between Samples 60F-CC and 

Table T3. Distribution of calcareous nannofossils, Hole U1456A. Download 
table in .csv format.

Table T5. Distribution of calcareous nannofossils, Hole U1456D. Download 
table in .csv format.

Table T4. Distribution of calcareous nannofossils, Hole U1456C. Download 
table in .csv format.

Table T7. Distribution of planktonic foraminifers, Holes U1456A and U1456C. 
Download table in .csv format.

Table T6. Distribution of calcareous nannofossils, Hole U1456E. Download 
table in .csv format.

Table T8. Distribution of planktonic foraminifers, Holes U1456D and U1456E.
Download table in .csv format.

Table T9. Distribution of diatoms, Holes U1456A and U1456C. Download 
table in .csv format.

Table T10. Distribution of radiolarians, Holes U1456A and U1456C. Down-
load table in .csv format.

Table T11. Samples containing no diatoms. Download table in .csv format.

Table T12. Samples containing no radiolarians. Download table in .csv for-
mat.

Figure F20. Age-depth plot, Site U1456.
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61F-CC (Figure F20), with all of Zone NN18 missing. The few spec-
imens of these species found in Sample 59F-2, 83 cm (335.43 mbsf), 
are attributed to reworking because discoasters are absent below 
that depth until Sample 61F-CC (345.84 mbsf ), despite the abun-
dant nature of the assemblages through that interval. D. brouweri is 
found sporadically downhole to Sample 66F-CC (370.36 mbsf ), be-
low which it occurs more consistently and with higher abundance. 
Discoaster surculus also occurs only sporadically near its LO in 
Sample 63F-1, 116 cm (353.06 mbsf). This event indicates the top of 
Zone NN16 and is dated to 2.49 Ma, just above the Pliocene/Pleisto-
cene boundary at 2.588 Ma (Gradstein et al., 2012).

Pliocene
The base of Hole U1456A (Section 355-U1456A-74X-CC; 

419.33 mbsf ) correlates to Section 355-U1456C-41X-CC (see 
Stratigraphic correlation) and is assigned a late Pliocene age 
(>2.49 Ma) based on the presence of D. surculus. Samples from Sec-
tions 355-U1456C-41X-CC through 46X-1 (432.69–463.75 mbsf) 
yield a characteristic late Pliocene assemblage with D. surculus, D. 
pentaradiatus, D. brouweri, Reticulofenestra haqii, Reticulofenestra 
minuta, and Reticulofenestra pseudoumbilicus 5–7 μm. The LO of 
Sphenolithus abies is difficult to identify as a result of reworking; 
however, it is commonly present below Sample 355-U1456C-38X-
CC, which indicates an age older than its LO at 3.54 Ma if at least 
some of the specimens are in situ. The base of Hole U1456C (Sam-
ples 44X-1, 40–45 cm, and 45X-CC; 446.5–463.75 mbsf) contains 
rare R. pseudoumbilicus >7 μm and, together with the absence of 
Amaurolithus tricorniculatus in these samples and Sample 46X-1, 
45–50 cm (463.75 mbsf ), suggests an age of 3.70–3.92 Ma (within 
Zone NN15).

Miocene
The LO of Discoaster quinqueramus (5.59 Ma) is found in Sam-

ple 355-U1456D-3R-CC (470.26 mbsf), which marks the top of 
Zone NN11. The absence of the index species Ceratolithus acutus
(5.04–5.35 Ma) together with the absence of Amaurolithus species 
(LO at 4.50 Ma) above Sample 3R-CC suggests an unconformity 
that encompasses the Miocene/Pliocene boundary (5.33 Ma) (Fig-
ure F20). The presence of Nicklithus amplificus in Samples 8R-1A, 
81 cm, through 10R-CC (517.8–543.76 mbsf ) constrains the age of 
this interval to between 5.94 and 6.91 Ma.

The section becomes sandier below Core 355-U1456D-11R, 
with sparser nannofossil assemblages. Amauroliths and discoasters 
are rare through this interval. Nevertheless, a single specimen of 
Discoaster loeblichii was identified in Sample 355-U1456D-16R-CC 
(603.90 mbsf ), which has a LO at 7.53 Ma, within the lower part of 
Zone NN11. Additional work is necessary to determine if this single 
specimen represents an in situ occurrence. The base of Discoaster 
berggrenii (FO at 8.29 Ma) is found in Sample 29R-CC (726.55 
mbsf), which marks the top of Zone NN10. D. berggrenii occurs 
only sporadically in samples between 607.45 and 684.19 mbsf as a 
result of dilution caused by the dominance of sandy lithologies 
through Unit III (see Lithostratigraphy). Sample 30R-1, 41 cm 
(730.81 mbsf), contains the LOs of Minylitha convallis (8.68 Ma) 
and Discoaster bollii (9.21 Ma), as well as the base of common R. 
pseudoumbilicus >7 μm (8.79 Ma). The co-occurrence of these spe-
cies, together with the presence of D. berggrenii just above in Sam-
ple 29R-CC, indicates a hiatus of at least 500 ky between 726.55 and 
730.81 mbsf (Figure F20).

Sample 355-U1456D-32R-3, 85 cm (753.65 mbsf ), yields the LO 
of Discoaster hamatus, which is dated to 9.53 Ma, and this event 

also marks the top of Zone NN9. A few barren samples were found 
within the interval between the FO of D. berggrenii and the LO of D. 
hamatus. With the exception of one barren sample in Hole U1456C 
(Sample 355-U1456C-40X-CC; 421.01 mbsf ); these are the shallow-
est barren samples examined from this site. Barren samples become 
more common toward the base of Hole U1456D. The LOs of Catin-
aster coalitus (9.69 Ma) and Catinaster calyculus (9.67 Ma) are 
found in Sample 355-U1456D-33R-4, 144 cm (765.25 mbsf ). The 
FO of D. hamatus (10.55 Ma) marks the top of Zone NN8 and is 
identified in Sample 37R-CC (804.51 mbsf ).

We see a distinct change in the nannofossil assemblages below 
Section 355-U1456D-38R-CC. Much of the interval from Core 355-
U1456D-38R to the base of the hole in Core 61R contains a mixture 
of different lithologies that sometimes displays chaotic bedding and 
small faults (see Lithostratigraphy), as well as abundant reworked 
Paleogene to early Neogene microfossil assemblages. This interval 
is interpreted as a mass transport deposit. Short intervals of normal 
pelagic sedimentation are observed within the mass transport de-
posit based on the occurrence of late Miocene nannofossils, as well 
as coherent paleomagnetics results (see Paleomagnetism and rock 
magnetism) within horizontally bedded deposits. Samples 355-
U1456D-51R-5, 12 cm, through 52R-3, 100 cm (933.52–941.10 
mbsf), and Sample 57R-7, 80 cm (986.65 mbsf), contain few to com-
mon C. coalitus, and the latter sample also contains rare C. calycu-
lus. These species also occur in samples in which reworking is rare 
or absent, further suggesting that these intervals represent upper 
Miocene sediment deposited between individual mass transport 
events.

The first core from Hole U1456E (Core 355-U1456E-3R) over-
laps with the base of Hole U1456D and appears similar to Core 355-
U1456D-56R, although it is impossible to make firm correlations 
between the two holes (see Stratigraphic correlation). Samples 
355-U1456E-3R-1, 74 cm, through 18R-CC (970.74–1094.54 mbsf ) 
continue to display mixed Paleogene and early Neogene nannofossil 
assemblages. A change of lithology in Core 19R suggests normally 
deposited sediment underlying the mass transport deposit of litho-
logic Unit IV (see Lithostratigraphy). Samples 19R-4, 46 cm, 
through 19R-4, 61 cm (1103.76–1103.88 mbsf), show common re-
working of Cretaceous forms, similar to what was noted in Units I–
III. Other indicators suggesting a period of normal pelagic sedimen-
tation below the mass transport deposit include heavy mineral as-
semblages indicative of Himalayan provenance, as well as horizontal 
bedding noted in core descriptions that contrast with steep dips and 
soft-sediment folds seen within the mass transport deposit itself 
(see Lithostratigraphy). Nannofossil assemblages are sparse in 
samples from Core 19R but contain a background assemblage con-
sistent with a Miocene age that includes Helicosphaera carteri and 
Calcidiscus leptoporus, together with reticulofenestrids. A single 
specimen of Sphenolithus heteromorphus was identified in Sample 
19R-4, 46 cm (1103.73 mbsf ), which constrains the age to the early 
to middle Miocene between 17.71 and 13.53 Ma or younger if the 
specimen is reworked.

Planktonic foraminifers
Core catcher samples from Holes U1456A and U1456C–

U1456E were examined for planktonic foraminifer biostratigraphy. 
Additional samples from within cores were analyzed to better con-
strain biohorizons (Tables T7, T8). No samples were taken from 
Hole U1456B. Planktonic foraminifers are abundant in Cores 355-
U1456A-1H to 14H (4.49–124.53 mbsf ), which corresponds to 
lithologic Unit I. Foraminifers are generally absent in Cores 15H 
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through 52F (134.63–304.58 mbsf ) of Unit II, except for Samples 
355-U1456A-20F-CC (158.15 mbsf); 24F-1, 94–96 cm (173.14 
mbsf); 26F-2, 65–67 cm (183.75 mbsf ); 36F-CC (231.34 mbsf); 40F-
CC (249.51 mbsf); and 46F-CC (277.05 mbsf ), which contain rare to 
abundant planktonic foraminifers (Table T7). Planktonic foramini-
fers are rare to abundant in the clayey layers of Unit III, including 
Samples 58F-CC (330.77 mbsf ); 59F-CC (337.90 mbsf ); 64F-CC 
(358.92 mbsf); 65F-CC (366.30 mbsf ); 66F-CC (370.36 mbsf); 67F-
2, 6–8 cm (372.26 mbsf); 68F-CC (378.86 mbsf); 71X-CC (396.55 
mbsf); 72X-CC (406.26 mbsf); and 73X-CC (417.21 mbsf). The 
sandy intervals of Unit III are barren of planktonic foraminifers. 
Planktonic foraminifers from Hole U1456A are moderately to well 
preserved, except for those in Samples 26F-2, 65–67 cm (183.75 
mbsf); 72X-3, 135–137 cm (402.15 mbsf ); 72X-CC (406.26 mbsf); 
and 73X-CC (417.21 mbsf ), which show poor preservation (Table 
T7).

Abundant and moderately to well-preserved planktonic fora-
minifers are found in Samples 355-U1456C-1H-CC to 23F-CC 
(7.33–160.41 mbsf), except for Sample 21F-CC (150.78 mbsf ). As in 
Hole U1456A, samples mainly composed of sand are devoid of 
planktonic foraminifers (Samples 355-U1456C-21F-CC [150.78 
mbsf], 25F-CC [169.78 mbsf], 27F-CC [178.30 mbsf ], 32F-CC 
[201.07 mbsf ], and 40X-CC through 46X-CC [421.01–463.75 
mbsf]). Rare to abundant planktonic foraminifers were recovered 
from Samples 33F-CC (207.07 mbsf), 36F-CC (220.17 mbsf ), 38F-
CC (409.05 mbsf), and 39F-CC (414.86 mbsf) (Table T7).

The planktonic foraminifer assemblages identified in Holes 
U1456A and U1456C are typical for subtropical to tropical water 
masses. Globigerinoides ruber, Globigerinoides sacculifer, Globiger-
inita glutinata, and Neogloboquadrina dutertrei are the most abun-
dant species in samples from Cores 355-U1456A-1H through 14H 
(4.49–124.53 mbsf ) and 355-U1456C-1H through 23F (7.33–160.41 
mbsf). Sphaeroidinella dehiscens, Globorotalia menardii, Orbulina 
universa, and Pulleniatina obliquiloculata are also frequently pres-
ent in many of the samples examined (Table T7). The significant oc-
currences of G. glutinata, N. dutertrei, and Globigerina bulloides in 
the eastern Arabian Sea have been associated with upwelling and 
high surface productivity conditions (Ivanova et al., 2003; Singh et 
al., 2011).

In Hole U1456D, samples barren of planktonic foraminifers al-
ternate with samples in which they are common (Table T8). Sam-
ples from Cores 355-U1456D-44R through 53R (866.37–956.77) 
and Samples 355-U1456D-55R-CC (966.20 mbsf ), 59R-CC (1004.59 
mbsf), and 60R-CC (1008.42 mbsf) are barren of planktonic fora-
minifers, whereas other samples contain few to common speci-
mens. When present, planktonic foraminifers are generally 
moderately to well preserved in lithologic Unit III, except Sample 
9R-7, 59–64 cm (536.27 mbsf), which has poorly preserved speci-
mens (Table T8). Planktonic foraminifers are poorly preserved in 
many samples from lithologic Unit IV, including Samples 41R-4, 
111–112 cm (842.11 mbsf ), 54R-CC (962.12 mbsf), 56R-6, 49–54 
cm (978.78 mbsf ), 58R-CC (990.00 mbsf), and 61R-CC (1018.51 
mbsf).

Planktonic foraminifers are rare to abundant in Samples from 
Cores 355-U1456E-3R through 19R (977.45–1104.47 mbsf), except 
for Samples 355-U1456E-4R-CC (980.930 mbsf ), 8R-4, 40–42 cm 
(1012.35 mbsf), 19R-4, 45–47 cm (1104.17 mbsf), and 19R-CC 
(1104.77 mbsf ), where they are absent (Table T8). The tests of 
planktonic foraminifers are generally moderately preserved, but 
they are poorly preserved in calcarenite samples from Unit IV be-
cause of intense recrystallization (e.g., Samples 16R-6, 73–78 cm 
[1079.75 mbsf ], and 18R-CC [1094.54 mbsf]).

Ages and biozones were assigned based on the presence, ab-
sence, and LO of planktonic foraminifer marker taxa and also 
changes in morphology (e.g., coiling shift in Pulleniatina). Import-
ant marker species in sediments from Holes U1456A and U1456C 
are Neogloboquadrina acostaensis, Dentoglobigerina altispira, 
Sphaeroidinellopsis seminulina, and Globorotalia tosaensis. The oc-
currences of Globigerinoides fistulosus in Samples 355-U1456A-
64F-CC (358.92 mbsf) and 355-U1456C-23F-CC (160.41 mbsf) are 
too rare and sporadic to define the LO of this species as a bio-
horizon.

Holes U1456A and U1456C
The LO of Globigerinoides ruber (pink variety) is reported in 

Samples 355-U1456A-2H-CC (10.35 mbsf) and 355-U1456C-3H-
CC (17.7 mbsf ). The disappearance of the pink variety of G. ruber
from the Indo-Pacific occurred at 0.12 Ma, and this event is consid-
ered to be an important biostratigraphic datum for the Late Pleisto-
cene within the Indo-Pacific (Thompson, 1981).

Although G. tosaensis, because of its association with subtropi-
cal to temperate water masses, occurs sporadically in the examined 
samples, its LO was recorded in Samples 355-U1456A-9H-CC 
(80.28 mbsf ) and 355-U1456C-8H-5, 85–87 cm (63.15 mbsf). The 
age of the LO of G. tosaensis has been assigned to ~0.61 Ma by 
Wade et al. (2011).

The coiling shift in Pulleniatina has been found to be a useful 
biostratigraphic datum in the tropical Indian Ocean (Singh and Sri-
nivasan, 1993) and equatorial Pacific (Wade et al., 2011) sedimen-
tary records. The shift in prominent coiling is dated at ~0.80 Ma. 
This shift is recorded in Samples 355-U1456A-11H-CC (99.24 
mbsf) and 355-U1456C-10H-CC (76.22 mbsf ).

The LO of N. acostaensis is identified in Sample 355-U1456A-
58F-CC (330.77 mbsf). In Hole U1456C, the last occurrence of N. 
acostaensis is in Sample 355-U1456C-38X-CC (409.05 mbsf); how-
ever, the interval above this core was drilled without coring (Figure 
F20), so the true LO of this species may be present within this unre-
covered interval. The age of this event is estimated as 1.58 Ma.

The LOs of both D. altispira and S. seminulina are recorded to-
gether in Samples 355-U1456A-73X-CC (417.21 mbsf) and 355-
U1456C-38X-CC (409.05 mbsf ). The ages of the LOs of D. altispira
and S. seminulina are estimated as 3.13 and 3.16 Ma, respectively, in 
the South Atlantic and as 3.47 and 3.59 Ma in the equatorial Pacific 
(Wade et al., 2011). At DSDP Site 219, a younger age for the LO of D. 
altispira compared to the LO of S. seminulina in the late Pliocene 
was also recorded previously (Srinivasan and Singh, 1992). There-
fore, the co-occurrence of these datums at Site U1456 suggests the 
possible presence of a hiatus above this level (see discussion below).

Based on the recorded stratigraphic ranges of biostrati-
graphically important taxa, we tentatively identify four biostrati-
graphic zones in the sediment section of Holes U1456A and 
U1456C: Subzones PT1b, PT1a, and PT1a–Zone PL6 and Zones 
PL4–PL3. The boundary between Subzones PT1b and PT1a is de-
fined by the LO of G. tosaensis. The Subzone PT1a/PL6 boundary 
could not be clearly identified because G. fistulosus only occurs in 
Samples 355-U1456A-64F-CC (358.92 mbsf ) and 355-U1456C-
23F-CC (160.41 mbsf ). Zone PL5 could not be defined because 
marker taxa for this zone were not observed in samples from Holes 
U1456A and U1456C. The co-occurrence of marker species for the 
Zone PL5/PL4 (LO of D. altispira) and PL4/PL3 (LO of S. seminu-
lina) boundaries suggests the presence of Zones PL4–PL3. Based on 
the planktonic foraminifer record from Holes U1456A and U1456C, 
we suggest that a hiatus exists between Zone PL4 and Subzone 
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PT1a (~3.46–1.88 Ma), which is consistent with the nannofossil 
biostratigraphy (Figure F20).

Holes U1456D and U1456E
Important marker species for the chronologic interpretation of 

Hole U1456D are Globorotalia tumida, Pulleniatina primalis, Glo-
bigerinoides extremus, and N. acostaensis. The FO of G. tumida is 
recorded in Sample 355-U1456D-6R-CC (497.86 mbsf ). The FO of 
G. tumida in the Pacific has been reported to occur at ~5.51 Ma 
(Wade et al., 2011). The FO of P. primalis (6.40 Ma [Wade et al., 
2011] or 6.60 Ma [Gradstein et al., 2012]) is recorded in Sample 7R-
CC (511.39 mbsf ). Although the FO of G. extremus is noted in Sam-
ple 15R-CC (587.9 mbsf), the presence of this species is too rare to 
define its first appearance in Hole U1456D. The FO of N. acos-
taensis is observed in Sample 37R-CC (804.51 mbsf) and the age of 
this event has been assigned as 9.83 Ma (Gradstein et al., 2012). The 
FO of N. acostaensis in Sample 37R-CC (804.51 mbsf) is found to 
co-occur with the LOs of other marker species of the early late Mio-
cene (Paragloborotalia mayeri) and late early Miocene (Prae-
orbulina sicana and Praeorbulina glomerosa). The co-occurrence of 
these marker species suggests mixing of older taxa with a younger 
assemblage. Based on the planktonic foraminifer assemblages ob-
served in Hole U1456D, two planktonic foraminifer biozones can be 
assigned: the late Miocene Zone M14 and the early Pliocene Zone 
PL1. The boundary between the planktonic foraminifer Zones M14 
and PL1 is marked by the FO of G. tumida in Sample 6R-CC (497.86 
mbsf).

Planktonic foraminifer assemblages identified in samples from 
Cores 355-U1456D-37R through 61R (804.51–1018.51 mbsf ) of 
lithologic Unit IV represent mixed assemblages of species of late 
Eocene, Oligocene, and early–middle Miocene age. Because of con-
siderable reworking of early Neogene and Paleogene planktonic for-
aminifers, no biozones can be assigned, and the mixed planktonic 
foraminifer assemblages preclude a biostratigraphic interpretation 
of Hole U1456D below 805 mbsf. Only Sample 355-U1456D-59R, 
106–108 cm (1002.50 mbsf), contains an assemblage of late Oligo-
cene planktonic foraminifers without any admixtures of older and 
younger forms.

Based on a semiquantitative analysis of the reworked planktonic 
foraminifers present in samples from Unit IV, reworking is more 
prevalent in Cores 355-U1456D-37R to 58R (804.51–990.00 mbsf) 
within Unit IV. This might be attributed to enhanced mass trans-
port activity during the late Miocene. Sample 355-U1456D-59R, 
106–108 cm (1002.50 mbsf), does not contain any characteristic 
Miocene taxa; however, late Oligocene planktonic foraminifers in 
this sample are mixed with taxa of late Eocene age.

Planktonic foraminifer assemblages identified in samples from 
Cores 355-U1456E-3R through 19R (977.45–1104.47 mbsf ) of Unit 
IV represent mixed assemblages of species of the middle–late Eo-
cene (e.g., Morozovella aragonensis, Hantkenina alabamensis, Tur-
borotalia cerroazulensis, and Globigerinatheka sp.), Oligocene (e.g., 
Turborotalia ampliapertura, Paragloborotalia opima, and Tenu-
itella gemma), and early Miocene (e.g., Catapsydrax dissimilis and 
Paragloborotalia kugleri) age. No biozones can be assigned to Hole 
U1456E because of intense reworking of early Neogene and Paleo-
gene planktonic foraminifers. Without any admixtures of older and 
younger reworked planktonic foraminifers, the occurrence of P. 
kugleri in Sample 355-U1456E-17R-CC (1090.32 mbsf) suggests an 
early Miocene age (Subzones M1a and M1b [23.73–21.81 Ma]; 
Wade et al., 2011).

Benthic foraminifers
In addition to planktonic foraminifers, benthic foraminifers 

were examined in samples from core catchers and additional sam-
ples from split core sections of Holes U1456A and U1456C–
U1456E. As compared to planktonic foraminifers, benthic foramin-
ifers are conspicuously low in numbers. Benthic foraminifers are 
generally rare in the examined samples at Site U1456, except in 
samples from Cores 355-U1456A-1H through 14H (4.49–99.24 
mbsf) where benthic foraminifers are relatively more frequent. Ben-
thic foraminifers are also common in the early Miocene samples of 
Holes U1456D and U1456E.

The constituent taxa of benthic foraminifer assemblages belong 
to the rotaliid, miliolid, buliminid, bolivinid, uvigerinid, nodosarid, 
textularid, and cassidulinid groups. The assemblages examined are 
generally composed of deep-water species. A distinct variation in 
benthic assemblage is noticed in Holes U1456D and U1456E in 
terms of morphological characteristics of the constituent species. 
Species with planispiral and trochospiral tests are common in Sam-
ples 355-U1456D-9R-5, 97–100 cm (533.56 mbsf), 9R-7, 59–64 cm 
(536.27 mbsf ), and 10R-CC (543.76 mbsf ), whereas tapered, cylin-
drical, and rectilinear tests are common in Samples 31R-CC (749.7 
mbsf), 34R-CC (778.16 mbsf ), and 36R-CC (794.49 mbsf ). Re-
worked shallow-water benthic foraminifers including larger fora-
minifers were encountered in some samples such as Samples 41R, 
111–112 cm (846.21 mbsf), and 42R-CC (856.61 mbsf ) from the 
calcarenite of lithologic Unit IV.

Diatoms
A mudline water sample from Hole U1456A and core catcher 

samples from Holes U1456A and U1456C–U1456E were examined 
for diatom biostratigraphy at Site U1456. Additional toothpick sam-
ples of fine-grained sediment from split core sections were also ex-
amined (Tables T9, T11).

Sample 355-U1456A-1H-1, 0 cm (mudline water sample), con-
tains well-preserved diatoms. Diatom abundance is low in smear 
and acid-processed slides, but common in sieved slides. The diatom 
assemblage is dominated by typical modern tropical ocean diatoms 
such as Alveus marinus, Azpeitia africana, Azpeitia nodulifera s.l., 
and Thalassiosira spp. and also contains neritic species such as 
Paralia sulcata.

Samples from core catcher and split cores examined for diatoms 
at Site U1456 were mostly barren, except for the upper parts of 
lithologic Unit I. Samples 355-U1456A-1H-CC (4.49 mbsf ) and 
355-U1456C-1H-CC (7.33 mbsf ) contain rare neritic meroplank-
tonic diatoms such as P. sulcata, Triceratium favus, and Actinopty-
cus splendens. Also, a freshwater planktonic diatom, Aulacoseira
sp., was found in Sample 355-U1456C-1H-CC (7.33 mbsf). Resting 
spores of Chaetoceros, a proximal species indicative of coastal up-
welling, were found with benthic species such as Diploneis bombus
and Navicula spp. in Samples 355-U1456C-1H-3A, 12 cm (3.12 
mbsf), and 1H-CC (7.33 mbsf ). Below Cores 355-U1456A-2H and 
355-U1456C-2H, all samples examined are barren of diatoms, ex-
cept Samples 355-U1456A-7H-CC (61.10 mbsf; >20 μm) and 355-
U1456C-10H-3A, 30 cm (70.10 mbsf ), in which a resting spore of 
Chaetoceros was found, together with poorly preserved sponge spic-
ules. Samples from Holes U1456D and U1456E are completely bar-
ren of diatoms. No age-diagnostic species were observed at this site.

The neritic diatom P. sulcata occurs in the mudline sample and 
topmost cores of all holes. P. sulcata is a benthic neritic species that 
IODP Proceedings 30 Volume 355



D.K. Pandey et al. Site U1456
lives on coarse sediment and requires relatively low salinity and a 
shallow-water environment. It can easily be transported into deep-
water environments by current-driven sediment transport or by an 
increased influx of relatively low salinity water from the shelf (e.g., 
Tanimura, 1981; McQuoid and Nordberg, 2003). The sporadic pres-
ence of the delicate benthic diatoms Diploneis spp., Navicula spp., 
and/or freshwater diatom Aulacoseira sp. over the same interval 
suggests sediment transport from shallow-water environments.

The interstitial water silica profile suggests a relatively high con-
centration of source material for silica in the top ~130 mbsf com-
pared to the deeper section at Site U1456 (see Geochemistry). 
Biogenic opal, including diatoms, radiolarians, and sponge spicules, 
has the potential to be a source of silica in the interstitial waters. 
Radiolarians and sponge spicules are rare but sporadically present 
within this interval; however, diatoms occur only as traces of heavily 
silicified taxa. The rough surface structure of a sponge spicule 
found in Sample 355-U1456A-7H-CC (61.10 mbsf) also suggests 
silica dissolution. Compared to radiolarians and sponge spicules, di-
atoms have less resistance to silica dissolution in which dilution by 
clay and biogenic carbonate can accelerate diatom dissolution. The 
rapid decrease in abundance, especially of delicate diatoms, as well 
as a decrease in species diversity within the uppermost ~10 mbsf, 
also supports silica dissolution during early diagenesis.

Radiolarians
A total of 43 samples were examined for radiolarian assemblages 

from Holes U1456A–U1456D. Twelve species were identified and 
their distribution is documented in Table T10. Radiolarians are ab-
sent in all samples examined from Holes U1456B and U1456D (Ta-
ble T12) and in some samples from Holes U1456A and U1456C. 
Radiolarians occur in low abundance in Samples 355-U1456A-1H-
CC (4.49 mbsf ) and 2H-CC (10.35 mbsf ), and also show sporadic 
occurrence in Samples 355-U1456C-1H-CC (7.33 mbsf), 12H-CC 
(86.62 mbsf), 14H-CC (105.27 mbsf), and 16H-CC (122.19 mbsf). 
The preservation is poor in all samples where radiolarians occur. 
This observation is consistent with the high silica concentration in 
the interstitial water in the upper part of the hole, which decreases 
below 120 mbsf in Unit I, suggesting dissolution during diagenesis 
(see Geochemistry).

Because the radiolarians are rare and sporadic at Site U1456, it is 
difficult to record stratigraphic ranges of zonal marker taxa or to 
confidently demarcate biozones. However, the occurrence of char-
acteristic taxa does suggest the presence of two zones: RN17 and 
RN16. The presence of Buccinosphaera invaginata in Sample 355-
U1456A-1H-CC (4.54 mbsf ) indicates Zone RN17, which is defined 
by the total range of this species. The FO of this species is dated as 
0.18 Ma. This suggests that the age of Sample 355-U1456A-1H-CC 
should be <0.18 Ma. The base of Zone RN16 is defined by the LO of 
Stylatractus universus (0.44 Ma). This species is present in Sample 
355-U1456C-2H-CC (10.35 mbsf), suggesting an age of 0.44 Ma or 
older for this sample.

The radiolarian assemblage is typical of low latitudes and in-
cludes B. invaginata, Amphirhopalum ypsilon, Anthocyrtidium 
ophirense, Lithelius minor, Collosphaera tuberosa, and Collosphaera 
macropora. In Sample 355-U1456A-1H-CC (4.54 mbsf ) we also 
found two reworked species (Spongatractus balbis and Cenosphaera 
cristata) of Miocene and Eocene age, respectively, as well as one up-
welling species (A. ypsilon).

Stratigraphic correlation
Sampling splice

A spliced sediment section for Site U1456 was constructed from 
the surface to a depth of ~142 m core composite depth below sea-
floor (CCSF) using sediment cores recovered from Holes U1456A 
and U1456C. Whole-Round Multisensor Logger (WRMSL) track 
records and core images from Hole U1456B (the dedicated microbi-
ology hole) were useful to confirm correlations between Holes 
U1456A and U1456C, despite heavy whole-round sampling of Hole 
U1456B. Two tie points in the splice are tentative because of poor 
overlap between the cores from the two holes, but the ties are sup-
ported by core-log correlations. Below 142 m CCSF (base of Core 
355-U1456A-15H), correlation between the two holes was lost be-
cause of extensive core disturbance and poor core recovery in the 
sands of lithologic Unit II (see Lithostratigraphy). Nevertheless, an 
unambiguous correlation between 4 cores each from Holes U1456A 
and U1456C was found in a more clay-rich interval in Unit II be-
tween 156 and 177 m CCSF. Between 177 m CCSF and the end of 
the overlapping cored section, other correlations between the holes 
could not be firmly established. Poor core recovery at the base of 
Hole U1456C precluded correlations between these cores and the 
deepest cores from Hole U1456A.

The initial correlation was done using Correlator 2.0.1 software 
and is based on gamma ray attenuation (GRA) bulk density and 
magnetic susceptibility measured on the Special Task Multisensor 
Logger (STMSL) and the WRMSL. The initial splice was revised us-
ing depth-registered core images along with the WRMSL physical 
property data to confirm and refine physical property correlations 
between the holes. The revised correlation was achieved with Igor 
6.3.6 software using the software routines written by Dr. Roy 
Wilkens for IODP stratigraphic correlation. Based upon the correla-
tions between holes, the CCSF depth scale grew by 6.2% relative to 
the CSF-A scale over the spliced interval (Figure F21). The affine 
table (Table T13) summarizes the individual depth offsets needed 
to convert core depths from CSF-A to CCSF.

Although the CCSF scale is useful to put cores and intervals in a 
detailed stratigraphic sequence, CCSF depth is typically greater 
than the drilled depth to the same interval because of core expan-
sion. Compressing the scale is important in order to calculate sedi-
mentation rates and to construct detailed synthetic seismic 
reflection profiles in the upper part of the drilled section. In order to 
compress the CCSF scale back to CSF-A, the CCSF depth should be 
multiplied by a compression factor of 0.942 (Figure F21).

Correlation during drilling operations
Near-real-time assessment of the alignment of coring gaps was 

done during drilling of Hole U1456C by quickly measuring GRA 
bulk density and magnetic susceptibility on cores from Hole 
U1456C on the STMSL immediately after the cores were curated on 
the catwalk. The first 13 cores from Hole U1456C were scanned at 2 
cm spacing, whereas subsequent cores were scanned at 5 cm inter-
vals to speed up core flow. We found that the depths of Hole 
U1456C core breaks were drifting closer to those of Hole U1456A 
during coring. Therefore, we drilled ahead without coring for short 
intervals in Hole U1456C in order to provide a complete splice and 
reduce or eliminate unrecovered intervals. The hole was advanced 
by 1.5 m at 7.3 mbsf (drilled interval 355-U1456C-21), by 1 m at 65.8 
IODP Proceedings 31 Volume 355



D.K. Pandey et al. Site U1456
mbsf (drilled interval 91), and by 1.0 m at 76.3 mbsf (drilled interval 
111). The offset was maintained between holes from that depth on-
ward, allowing good correlation between the two holes as long as 
full recovery was achieved. At Core 355-U1456A-12H, where only 
6.8 m of core was recovered, the large gap between cores in Hole 
U1456A proved impossible to unambiguously bridge with cores 
from Hole U1456C. However, correlation between logs and cores 
verifies that little or no section is missing from the splice at this 
depth.

Composite section and splice construction
Stratigraphic correlation and splice construction were based on 

WRMSL magnetic susceptibility and GRA bulk density data from 
Holes U1456A–U1456C collected after cores equilibrated to the 
laboratory temperature. Initial correlations were then adjusted us-
ing depth-referenced core images from the Section Half Image Log-
ger (SHIL) (see Lithostratigraphy in the Expedition 355 methods 
chapter [Pandey et al., 2016a]). SHIL images from each core section 
were combined to form a complete core image typically 9.5 m long, 
and the core images were depth-shifted by the initial CCSF offsets 
based upon the WRMSL data. Comparisons between depth-shifted 
core images from different holes were used to make finer scale 
matches and revise the offsets.

GRA bulk density data were useful for hole-to-hole correlation 
where magnetic susceptibility was weak. Median magnetic suscep-
tibility is ~75 × 10–5 SI in the upper 420 mbsf of Site U1456 and 
ranged from –5 × 10–5 to 1470 × 10–5 SI (see Physical properties). 
Magnetic susceptibility is typically low (or negative) in the nanno-
fossil-rich sediment and higher in the clay- and sand-rich sections. 
As such, these measurements are useful for correlating between 
thin silts and graded beds interpreted as turbidites in the spliced 
section. GRA bulk density data complemented the magnetic sus-
ceptibility data because it exhibited the highest variability in the 
nannofossil-rich portions of the spliced section, where magnetic 
susceptibility was low and displayed less variation.

Figures F22, F23, F24, and F25 illustrate the correlations be-
tween cores from Holes U1456A–U1456C. Each figure shows a 50 
m long section of the composited and spliced data. Only the mag-
netic susceptibility data are plotted on the line-scan images to re-
duce the complexity of the profiles.

Holes U1456A, U1456B, and U1456C were all cored from the 
seafloor; however, Core 355-U1456B-1H recovered <1 m of sedi-
ment, despite the bit being positioned so that the base of the core 
should have been about 6 mbsf. Because Core 2H clearly correlates 
to a depth deeper than 6 mbsf in the other holes, much of Core 1H 
appears to have been lost during core recovery (Figure F22; 0–50 m 
CCSF) (see Operations).

Good correlations are found among cores from all holes until 
the base of Core 355-U1456C-5H, which barely overlapped with 
Core 355-U1456A-5H. Offsets improved when Hole U1456C was 
drilled ahead without coring (drilled intervals 355-U1456C-91 and 
111) (Figure F23). Offset of the coring gaps was lost again when 
Core 355-U1456A-12H was shorter than normal, recovering only 
6.8 m (Figure F24). The missing section was similar in length to the 
offset that was maintained between the two holes and left no over-
lap to Core 355-U1456C-15H. The top of Core 355-U1456C-15H 
was appended to the base of Core 355-U1456A-12H, leaving an un-
known but likely small interval not recovered. After logging Hole 
U1456C (see Downhole measurements), we checked the offset be-
tween the two cores by comparing natural gamma radiation (NGR) 
and magnetic susceptibility records from the cores to the logs and 
found that the gap was small or nonexistent (see Core-log correla-
tion).

Cores with poor recovery (Cores 355-U1456A-14H and 355-
U1456C-16H) occurred at a similar CCSF depth, and Core 355-
U1456A-14H failed to bridge the large coring gap to Core 355-
U1456C-17H. Core 17H was therefore appended to the base of Core 
355-U1456A-14H. Core-log correlation establishes that there is lit-
tle or no gap between these cores, as discussed in the next section.

Thick sands first appear at the base of Core 355-U1456A-15H, 
marking the end of the spliced section (Figure F24; 100–150 m 
CCSF). Coring disturbance in sand and poor core recovery pre-
vented consistent hole-to-hole correlations from being established 
below this depth as needed to continue the splice.

Although continuity was lost at 142.6 m CCSF because of poor 
recovery in sands, we found four HLAPC cores from Hole U1456A 
that have good overlaps with four HLAPC cores from U1456C and 
can be correlated to each other (Figure F25; 150–200 m CCSF). 
Good offsets were achieved between Cores 355-U1456A-19F 
through 22F and 355-U1456C-22F through 25F, making a compos-
ite section between 156.7 and 177.5 m CCSF. These eight cores were 
spliced, and the sampling splice intervals can be found in Table T14. 
Distinct features found in both Cores 355-U1456A-26F and 355-

Figure F21. Growth of the CCSF depth scale with respect to CSF-A depth, Site 
U1456. Red circles = depths of core tops from Hole U1456A, blue circles = 
core tops from Hole U1456C. Green line = best fit through the top depth of 
each core, black line = 1:1 correspondence between the two depth scales. 
Linear correlation is used to estimate a compression factor to convert CCSF 
depth to CSF-A.
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Figure F22. Core images and magnetic susceptibility (MS) for 0–50 m CCSF in Holes U1456A–U1456C, with the assembled splice at the top. Yellow lines = 
beginning of a sediment interval included in the splice, blue lines = the base of the splice interval. Despite heavy sampling, the records from Hole U1456B can 
be correlated to Holes U1456A and U1456C. Splice intervals can be found in Table T14.
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Figure F24. Core images and MS for 100–150 m CCSF in Holes U1456A and U1456C, with the assembled splice at the top. Yellow lines = beginning of a sedi-
ment interval included in the splice, blue lines = the base of the splice interval. The splice ends at the base of Core U1456A-15H. Splice intervals can be found 
in Table T14.
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U1456C-29F allowed one further tie between the two holes at these 
cores. No further ties could be unambiguously identified between 
197 and 229 m CCSF, the base at which Holes U1456A and U1456C 
overlap before the long drill-ahead section in Hole U1456C. Once 
coring recommenced below 416 m CCSF in Hole U1456C, poor 
core recovery precluded correlation.

From Core 355-U1456A-30F and deeper (>215.3 m CCSF), the 
CCSF offsets were occasionally increased in order to develop a se-
quence without core overlaps in the CCSF scale for cores from the 
same hole (Table T13). In the CSF-A scale, core overlaps often oc-
cur because core recovery may be larger than the cored interval (see 
Stratigraphic correlation in the Expedition 355 methods chapter 
[Pandey et al., 2016a]), but these overlaps are eliminated in the 
CCSF scale.

Core-log correlation
Logging data from Hole U1456C were compared with GRA, 

NGR, and magnetic susceptibility data on recovered core as another 
way to correlate between the cores and the original sediment col-
umn (Figure F26). The wireline log matched depths below seafloor 

(WMSF) for cores established by this correlation are also included 
in Table T13. The assigned WMSF depths are not as precise as the 
CCSF depths because log data are recorded only every 15 cm versus 
2 cm for the core data. Also, we occasionally found that different 
offsets are required to match the magnetic susceptibility versus the 
NGR logs, presumably because the tools are offset on the logging 
string and minor winch variations cause variability in depth mea-
sured by the wireline tool. Based on repeated attempts at correla-
tion, the assigned WMSF depths are probably only accurate to ±30 
cm.

Through-pipe NGR allowed a very good correlation from cores 
to logs in the upper sediment section from the seafloor to base of 
pipe at 81 m drilling depth below seafloor (DSF) (the low-NGR sec-
tion shown in Figure F26). The correlation was continued using 
both magnetic susceptibility and NGR logs from 81 m WMSF to the 
bases of Holes U1456A and U1456C.

The continuity of the logs allowed a match of the general pat-
terns of magnetic susceptibility and NGR change between a succes-
sion of cores and allowed for a good correlation to be made to ~220 
m WMSF, where Hole U1456C was drilled ahead. Below 220 m 
WMSF, a fair to good correlation could be made between Hole 
U1456A and the wireline logs. The different character of the mag-
netic susceptibility and the NGR logs for the most part allowed for 
unambiguous matches despite the short cores and coring distur-
bance in the recovered core sections.

Correlations between core data and log data within the spliced 
section provide an alternative way to determine the length of miss-
ing section at the depth where Core 355-U1456C-15H is appended 
to Core 355-U1456A-12H (see Composite section and splice con-
struction). Although the determination is independent, the correla-
tion between cores and logs is not very precise. Nevertheless, there 
is no evidence of missing section or overlap based upon the logging 
correlation. The splice intervals given in Table T14 are the best de-
scription of a complete section that can be made with the available 
data.

There are offsets between relative depths assigned by correlat-
ing to either the NGR log or to the magnetic susceptibility log, espe-
cially in the interval near the base of pipe. For example, the 
magnetic susceptibility signal from the cores is well aligned with the 
magnetic susceptibility log in the interval between 80 and 90 m 
WMSF on Figure F26, but an additional downward shift of ~1 m is 
needed to match the NGR log. We speculate that offsets between 
the logs occur because of minor errors in wireline depth if the logs 
are from separate logging runs, or because winch-related errors in 
the WMSF scale occur at different depths in the respective logs be-
cause of the tool offset.

Geochemistry
Organic geochemistry

Shipboard organic geochemical analysis of sediment from Site 
U1456 included monitoring of hydrocarbon gases and bulk sedi-
ment measurements of total carbon, total inorganic carbon (TIC), 
total sulfur, and total nitrogen (TN). We used these analyses to cal-
culate the CaCO3 and total organic carbon (TOC) content (see 
Geochemistry in the Expedition 355 methods chapter [Pandey et 
al., 2016a]). In total, 140 samples were analyzed for hydrocarbon gas 
monitoring (Table T15; Figure F27). For bulk sediment measure-

Table T14. Splice interval table. Download table in .csv format.

Figure F26. Lithologic summary (see Lithostratigraphy) and comparison of 
NGR wireline logs to core NGR data and MS wireline logs to core MS data. 
NGR activity is displayed on a log scale to show that an excellent correlation 
can be made despite the severe NGR attenuation by the pipe. MS cannot be 
recorded through the pipe, and the logging results stop at the base of pipe 
(81 m WMSF). The distinctive profiles allow a very good correlation to ~220 
m WMSF and a fair to good match below that depth.
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ments, 82 samples were analyzed from Hole U1456A, 7 samples 
from Hole U1456C, 101 samples from Hole U1456D, and 29 sam-
ples from Hole U1456E (Table T16; Figures F28, F29).

Volatile gases
Headspace gas analysis was performed typically once per core, 

or once per ~9.5 m interval (except for Hole U1456B and Hole 
U1456C above Core 355-U1456C-40X, which overlapped with Hole 
U1456A) (Table T15; Figure F27). Headspace methane content rep-
resents residual gas in cores (with some gas lost during core re-
trieval and sampling). Methane concentrations vary by four orders 
of magnitude at this site. Methane levels are low (<1,000 ppmv) be-
tween 0 and 60 mbsf. Below 60 mbsf, methane values start to in-
crease and reach a value of 22,680 ppmv by 116 mbsf. This increase 
in methane corresponds to a reduction in sulfate concentrations in 
the interstitial water profile (Figure F30), suggesting a transition 
from sulfate reduction to methanogenesis. Methane concentrations 
decrease to ~2,000 ppmv at 147 mbsf and then increase again to 
26,933 ppmv at 292 mbsf. The relatively high methane levels en-
countered between 100 and 330 mbsf suggest a lithologic control 
(i.e., the accumulation of gases in relatively porous silty sand and silt 
with sand layers). Methane drops to 257 ppmv at 336 mbsf and then 

increases to 11,858 ppmv at 373 mbsf. In Holes U1456C–U1456E, 
measured methane levels are relatively low and do not exceed 2,606 
ppmv.

Ethane levels were low for all intervals recovered from Site 
U1456 and did not exceed 15 ppmv. Methane/ethane (C1/C2) ratios 
were calculated only for those samples where ethane was detected 
(Figure F27). C1/C2 ratios are high throughout the cored interval in 
Hole U1456A (from >11,000 to >100,000) and are at least an order 
of magnitude higher than levels associated with thermogenic pro-
duction and thus posed no threat to drilling operations.

Sedimentary geochemistry
In lithologic Unit I, total carbon values are high and variable 

(1.6–10.8 wt%). CaCO3 values are also variable (14.7–81.6 wt%) and 
follow the same trend as total carbon, indicating that most of the 
total carbon is present as CaCO3 (Figure F28). TOC varies between 
0.16 and 1.8 wt%. High TOC values correspond to layers of silty 
sand with nannofossils and silt with sand (Figure F28).

In the upper part of lithologic Unit II, from ~140 to 240 mbsf, 
total carbon values are low (<2 wt%). CaCO3 and TOC values fall 
within 8–15 wt% and 0.1–0.4 wt%, respectively. Below 240 mbsf, to-
tal carbon and CaCO3 values remain low, whereas TOC varies sig-
nificantly between 0.37 and 1.24 wt% (Figure F28), with lower TOC 
values found in sandy layers.

Figure F27. Methane, ethane, and C1/C2 ratios, Site U1456. Dashed lines = lithologic unit boundaries.
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Lithologic Unit III (~362–730 mbsf) is characterized by low to-
tal carbon (<3.54 wt%) and low CaCO3 (<27.59 wt%), with the ex-
ception of the interval between 517 and 596 mbsf where total 
carbon and CaCO3 increase to as much as 6.42 and 47.79 wt%, re-
spectively (Figure F28). TOC values range between 0.14 and 1.29 
wt% throughout the unit. Poor sediment recovery in Unit III limits 
comparison between chemical variability and specific lithology.

Lithologic Unit IV can be divided into two intervals based on 
the total carbon, TIC, and CaCO3 results (Figure F28). On the other 
hand, TOC ranges between 0.1 and 1.27 wt% throughout Unit IV, 

with no distinct differences between the upper and lower parts of 
the unit. From 740 to 978 mbsf generally low values of total carbon 
(<2 wt%) and CaCO3 (<10 wt%) prevail. This interval is character-
ized by silty claystone and sandstone lithologies (see Lithostratig-
raphy) with generally lower nannofossil and foraminifer abundance 
(see Biostratigraphy). Within this interval there are a number of 
samples with notably higher total carbon and CaCO3, for example 
CaCO3 spikes to 45.4, 22.2 and 36.4 wt% at 813, 866, and 902 mbsf, 
respectively, coincident with calcareous lithologies. The interval be-
tween 978 and 1102 mbsf contains the highest percentages of total 
carbon (up to 11.8 wt%) and CaCO3 (up to 97.4 wt%) recorded at 
this site. Such high values are associated with nannofossil-rich clay-
stone and calcarenite together with sandstone lithologies. Overall, 
the interval exhibits a mixture of different lithologies that some-
times displays chaotic bedding and small faults (see Lithostratigra-
phy), as well as abundant reworked Paleogene to early Neogene 
microfossil assemblages (see Biostratigraphy). This interval is in-
terpreted as a mass transport deposit (see Lithostratigraphy).

We report TOC/TN ratios as a preliminary estimate for the 
source of organic material (Figure F28). Müller and Mathesius 
(1999) proposed that the TOC/TN ratio can be used to constrain 
predominantly marine (TOC/TN < 8) from predominantly terres-
trial (TOC/TN > 12) organic inputs (yellow box in Figure F28). 
However, a simple model of the factors influencing TOC/TN ratios 
is not always applicable. High TOC/TN ratios atypical for marine 
algal source organic carbon have been measured in organic carbon–
rich Mediterranean sapropel layers, upper Neogene sediment from 
the Benguella upwelling region, Eocene horizons from the Arctic 
Ocean, and Cenomanian–Turonian black shales (Meyers, 1990; 
Stein and Macdonald, 2004; Stein et al., 2006; Twichell et al., 2002).

Figure F28. Total carbon, CaCO3, TIC, total sulfur, total nitrogen, TOC, and TOC/TN, Site U1456. Yellow line = boundary between the contribution of predomi-
nantly marine organic carbon (<8) and terrestrial organic carbon (>12) (Müller and Mathesius, 1999). Dashed lines = lithologic unit boundaries.
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Figure F29. TOC vs. TS after Gregor et al. (1988), with samples plotted by 
lithologic units.
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In Unit I in Hole U1456A, TOC/TN values are generally >8, sug-
gesting some terrestrial input. Three distinct intervals with high 
TOC/TN (>15) at 22.4, 78.5, and 100.3 mbsf suggest increased ter-
restrial input and correspond to beds of silty sand with nannofossils 
and silt with sand (Figure F28). A background of low to intermedi-
ate TOC/TN values in Units II and III (~1–10) suggests that mixed 
terrestrial and marine organic matter inputs prevail. Similar ratios 
for Unit IV suggest mixed inputs between 740 and 978 mbsf. Super-
imposed on the low to intermediate background values in Unit III, 
high TOC/TN values (>20) occur at 549.1, 585.4, and 607.4 mbsf. 
The samples at 549.1 and 585.4 mbsf are extracted from sandy tur-
bidite horizons, confirming a terrestrial source. Notably, the sample 
at 585.4 mbsf contains lignite-like wood fragments. In Unit IV 
TOC/TN spikes above background values to 16 and 63 at 813.3 and 
877.4 mbsf, respectively. Very high values (up to 92) occur within 
the 978–1018 mbsf interval (a large mass transport deposit, see 
Lithostratigraphy) suggesting strong terrestrial input of organic 
matter.

To further estimate the source of organic material to the sedi-
ment, correlation between TOC and total sulfur may provide a basic 
estimation of the source of organic matter to marine sediments 
(Berner and Raiswell, 1983). In general, normal marine sediment 
contains higher sulfur concentrations and has lower TOC content 
than sediment deposited in freshwater environments. Therefore, 
following the approach of Gregor et al. (1988), we plotted TS (wt%) 
versus TOC (wt%) in order to better constrain the sources of or-
ganic matter in the different units (Figure F29). Intermediate values 
of total sulfur relative to downhole variations in Unit I suggest a 
mixed input of terrestrial and marine organic matter into the sedi-

ment. Units II and III indicate a mixed input of the organic matter 
with a slight predominance of nonmarine input in Unit III. The Unit 
IV data suggest stronger normal marine input of organic matter, 
with some strong terrestrial input over the 978–1102 mbsf interval. 
The approximations of source based on the TOC/total sulfur scatter 
plot are broadly consistent with the TOC/TN downhole interpreta-
tions.

Total lipid extractions
Organic solvent extractions were performed (see Geochemistry

in the Expedition 355 methods chapter [Pandey et al., 2016a]) on 96 
sediment samples. Aliquots of ~1.5 g were taken from interstitial 
water squeeze cake and core catcher samples. Total lipid extracts 
(TLE) varied between 0 and 19.4 mg/g dry sediment. The TLE sam-
ples were archived for shore-based biomarker assays and analyses.

Inorganic geochemistry
Whole-round samples (5 cm long from 0 to 303 mbsf, 10 cm 

long from 303 to 597 mbsf, and 15 cm thereafter) were collected for 
interstitial water extraction at regular intervals throughout Hole 
U1456A (one sample per core or every other core when using 
HLAPC), Hole U1456B (one sample per section), and Holes 
U1456C and U1456D (one sample per 9.5 m core). The volume of 
the interstitial water recovered decreased with depth from 35 to 3 
mL. Interstitial water sample collection was discontinued below 863 
mbsf in Hole U1456D when interstitial water volume was no longer 
sufficient for analysis. Specific aliquots were used for shipboard 
analyses and the remaining fluid was sampled for shore-based anal-
yses or archived.

Figure F30. Interstitial water alkalinity, sulfate, ammonium, and phosphate variations. Gray lines = average modern seawater concentrations.

Alkalinity (mM)
2 4 6 8 10 12 14

0

50

100

150

200

250

300

350

400

450

500

550

600

650

700

750

800

850

0

50

100

150

200

250

300

350

400

450

500

550

600

650

700

750

800

850

Sulfate (mM)
0 5 10 15 20 25 30

Ammonium (µM)
1000 2000 3000

Phosphate (µM)
0 5 10 15 20

U
ni

t I
U

ni
t I

I
U

ni
t I

II
U

ni
t I

V

1H

2H

3H

4H

5H

6H

7H

8H

9H

10H

11H

12H

13H

14H

15H
16H
17F
18F
19F
20F
21F
22F
23F
24F
25F
26F
27F
28F
29F
30F
31F
32F
33F
34F
35F
36F
37F
38F
39F
40F
41F
42F
43F
44F
45F
46F
47F
48F
49F
50F
51F
52F
53F
54F
55F
56F
57F
58F
59F
60F
61F
62F
63F
64F
65F
66F
67F
68F
69F
70F
71X

72X

73X

74X
38X
39X

40X

41X
42X
43X

44X

45X
46X

2R

3R

4R

5R

6R

7R

8R

9R

10R

11R

12R

13R

14R

15R

16R
17R

18R

19R

20R

21R

22R

23R

24R

25R

26R

27R

28R

29R

30R

31R

32R

33R

34R

35R

36R

37R

38R

39R

40R

41R

42R

43R

44R

I

II

III

IV

M
. P

le
is

t.
ea

rly
 P

le
is

to
ce

ne
la

te
 P

lio
ce

ne
M

io
ce

ne

U1456A U1456B U1456C U1456D

D
ep

th
 (

m
bs

f)

Site U1456
A

ge
Li

th
. u

ni
t

Li
th

ol
og

y

C
or

e
R

ec
ov

er
y

ClaySilt
San

d

Gra
ve

l

IODP Proceedings 38 Volume 355



D.K. Pandey et al. Site U1456
Salinity, pH, chloride, sodium, and bromide
Downhole profiles of salinity, pH, chloride, sodium, and bro-

mide concentrations at Site U1456 are shown in Figure F31, with 
the data given in Table T17. From the seafloor to 22 mbsf, intersti-
tial water salinity remains close to the average seawater value. Salin-
ity decreases to 32 at 59 mbsf and then remains more or less 
uniform with depth in Holes U1456A, U1456C, and U1456D. This 
decrease in salinity may be caused by clay mineral dehydration with 
increasing depth (Jaeger et al., 2014). The pH of the interstitial wa-
ter is observed to be slightly lower than that of modern seawater. 
This lower pH could be driven by the release of organic acids in the 
initial stages of anaerobic organic matter degradation (Soetaert et 
al., 2007). Overall, pH increases slightly with depth to ~700 mbsf in 
Hole U1456D. Chloride is a conservative ion and its concentration 
is controlled by diffusion and compaction-driven advection in inter-
stitial water (Jaeger et al., 2014). The chlorinity of the interstitial wa-
ters is similar to modern seawater values (559 mM) downhole to 
~270 mbsf and then increases from that depth to ~825 mbsf in Hole 
U1456D. Bromide is incorporated in marine organic matter and can 
be released during microbial degradation of organic matter. Bro-
mide increases from ~0.83 mM near the top of Hole U1456A to ~1 
mM until the base of Unit II and stays fairly uniform thereafter. The 
concentration of sodium in interstitial water is close to that of sea-
water (480 mM) in the upper 276 mbsf of Hole U1456A and then 
increases gradually to its maximum concentration (502 mM) at 
~725 mbsf in Hole U1456D. Variations in sodium concentrations in 
interstitial water closely mimic the concentration profile of chlor-
inity, with a molar ratio of Na/Cl close to modern seawater (~0.86).

Alkalinity, sulfate, phosphate, and ammonium
Downhole variations in alkalinity, sulfate, ammonium, and 

phosphate at Site U1456 are shown in Figure F30, and the data are 

given in Table T17. From the seafloor to 50 mbsf, alkalinity in-
creases steadily from 5 to 12 mM and then decreases to a concentra-
tion of 3.9 mM at 238 mbsf. Alkalinity increases further to 7 mM by 
350 mbsf and decreases steadily to ~550 mbsf below which point it 
remains low to the end of interstitial water sampling in Hole 
U1456D. We suggest the alkalinity increases are a byproduct of mi-
crobial degradation of organic matter, and its increase in the top 50 
mbsf reflects the action of anaerobic sulfate reduction, which in 
turn is reflected in the sulfate profile. The concentration of sulfate 
decreases from 25 to 0.6 mM in the uppermost 50 mbsf, indicating 
anaerobic sulfate reduction, and then remains low throughout the 
remainder of sampling in Hole U1456D with a slight increase after 
500 mbsf. Ammonium increases from 285 μM near the surface to 
3193 μM at 100 mbsf and decreases thereafter until ~500 mbsf, 
where it has a value of ~900 μM. Ammonium concentrations re-
main uniform below that depth throughout the remainder of sam-
pling in Hole U1456D. Phosphate decreases from 17 to 1.5 mM in 
Hole U1456A at ~100 mbsf. It remains low until 415 mbsf, but then 
falls below the detection limit deeper than 420 mbsf in Holes 
U1456C and U1456D. Ammonium is a byproduct of microbial deg-
radation of organic material, and its concentration increases in the 
sulfate reduction zone (~0–100 mbsf). Below the sulfate reduction 
zone, methanogenesis becomes an important process, which is re-
flected in the increase in methane concentrations below 50 mbsf 
(Figure F27).

Calcium, strontium, lithium, magnesium, and potassium
Downhole variations of calcium, strontium, lithium, magne-

sium, and potassium at Site U1456 are shown in Figure F32, and the 
data are given in Table T18. Calcium concentrations in interstitial 
water at Site U1456 range from 3 to 15 mM. Calcium concentra-
tions remain below modern seawater values above 550 mbsf, below 
which depth they increase to maximum value in Hole U1456D. The 
calcium profile is generally anticorrelated with alkalinity, suggesting 
that whenever the alkalinity is high, calcium is precipitated as car-
bonate, decreasing the concentration of calcium in the interstitial 

Figure F31. Interstitial water salinity, pH, chloride, sodium, and bromide variations. Gray lines = average modern seawater concentrations.
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Table T17. Cations and anions in interstitial water. Download table in .csv 
format.
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water. The concentrations of strontium and lithium range from 74 
to 587 μM and 0.4 to 138 μM, respectively. Strontium concentration 
increases in the uppermost 100 mbsf corresponding to Unit I, possi-
bly due to dissolution and recrystallization of biogenic carbonate, 
which is relatively enriched in strontium (Sayles and Manheim, 
1975). Strontium then decreases with depth until ~200 mbsf as car-
bonate within the sediment decreases as a result of a change to a 
more sand- and clay-based lithology (see Lithostratigraphy). A 
dramatic increase in strontium concentrations is observed from 550 
to 850 mbsf, possibly due to carbonate dissolution, which also cor-
responds to an increase in the calcium profile. A major sink of lith-
ium is caused by adsorption of lithium onto clay minerals like 
kaolinite, vermiculite, and smectite, as well as onto other terri-
genous sediment (Scholz et al., 2010; Millot et al., 2010, and refer-
ences therein). The concentration of lithium is less than the average 
modern seawater value above 500 mbsf, likely indicating its adsorp-
tion onto clay minerals and other terrigenous sediment. Lithium in-
creases dramatically deeper than 700 mbsf, possibly due to 
diagenetic release from clay minerals and other terrigenous sedi-
ment. The concentrations of magnesium and potassium range from 
23 to 53 mM and 2 to 12 mM, respectively, and decrease with depth. 
Magnesium and potassium concentrations are lower than the aver-
age seawater values measured below the top of Hole U1456A, likely 
because of removal into newly formed clay minerals.

Silicon, barium, manganese, boron, and iron
Downhole variations of silicon, barium, manganese, boron, and 

iron at Site U1456 are shown in Figure F33 and the data are given in 

Table T18. Dissolved silicon concentrations are between 93 and 555 
μM at Site U1456. Silicon concentrations are highest in the upper-
most 120 mbsf of Hole U1456A (Unit I), which may be caused by 
release of silicon during the dissolution of biogenic silica (diatoms, 
radiolarian, sponge spicules, etc.). Silicon decreases below 120 mbsf 
and stays low throughout Holes U1456A, U1456C, and U1456D, 
suggesting that the biogenic source of silica seen at shallower depths 
is absent or expended. Barium concentration in interstitial water 
ranges from 0.1 to 288 μM, with a dramatic increase in concentra-
tion between 250 and 400 mbsf. Anaerobic degradation of organic 
matter (Schenau et al., 2001) and dissolution of feldspar are poten-
tial sources of barium in interstitial water. Alternatively, barium can 
also be released by in situ barite dissolution in low-sulfate fluids (Li 
et al., 2015).

Manganese and iron concentrations range from 0.3 to 5.6 μM 
and 0 to 16 μM, respectively. Manganese concentrations decline 
sharply in the uppermost ~50 mbsf of Hole U1456A, which corre-
sponds to the sulfate reduction zone. Manganese is a terminal elec-
tron acceptor in the organic oxidation reaction. The oxidation and 
reduction of manganese during organic matter degradation leads to 
redistribution of manganese between dissolved and particulate 
phases, which could explain the observed manganese profile. Ex-
cept for two values at ~9 and 80 mbsf, iron shows consistently low 
concentrations, indicating its removal, probably by metal sulfide 
formation under anaerobic conditions. The concentration of boron 
in interstitial water ranges from 266 to 620 μM. Boron concentra-
tions decrease from ~550 μM at 3 mbsf to ~260 μM near 220 mbsf 
and then generally increase to high values by 350 mbsf. Below this 
depth there is a slight decline over the remainder of the drilled in-
terval to values ~300 μM (Figure F33).

Figure F32. Interstitial water calcium, strontium, lithium, magnesium, and potassium variations. Gray lines = average modern seawater concentrations.
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Table T18. Major and trace element concentrations in interstitial water. 
Download table in .csv format.
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Microbiology
The primary objectives of microbiological studies at Site U1456 

were contamination assessment of samples, shipboard characteriza-
tion of subsurface microbes, and preservation of samples for de-
tailed shore-based investigation.

Microbial sampling
Thirty-six whole-round core samples were taken at a frequency 

of one per ~9.5 m of cored interval downhole to 414 mbsf in Hole 
U1456A. Hole U1456B was cored as a dedicated microbiology hole, 
and 36 whole-round core samples (eighteen 5 cm long whole rounds 
and eighteen 10 cm long whole rounds) were taken at a frequency of 
one per ~1.5 m from Cores 355-U1456B-2H through 4H (0.6–29.03 
mbsf). Sampling was completed on the catwalk, and the samples 
were immediately moved to the cold room in the microbiology lab-
oratory for further subsampling. Subsampling procedures were 
completed within a short time of the core arriving on deck. Subsam-
ples for total microbial counts and molecular marker analyses were 
immediately collected using sterile syringes (one 50 mL and two 5 
mL). All whole-round samples for microbial and interstitial water 
chemistry measurements were taken next to each other for compar-
ison purposes. The whole-round microbiology samples were pre-
served at –80°C for shore-based characterization of microbial 
communities using DNA/RNA, at –20°C for microbial lipid analy-
sis, and at 4°C for cultivation-based studies. We also collected and 
preserved 100 mL of drilling mud fluid and seawater for contamina-
tion analysis. The microbial communities, DNA, and lipids present 
in these samples will be compared to those inside the cores in order 
to determine if microbes in the drilling fluid have contaminated 
subsurface samples.

Contamination assessment
We used a fluorescent microsphere–based contamination test-

ing method during APC coring at Site U1456.

Fluorescent microspheres
Fluorescent microspheres were added to the core catcher sub 

for Cores 355-U1456A-1H through 70F, as well as Cores 355-
U1456B-1H through 4H. Three samples were collected from each 
core for analysis of microspheres. These samples were taken from 
(1) the interior of the core, (2) the exterior of the core, and (3) an 
intermediate position in between the exterior and interior.

Samples taken for microsphere-based contamination testing 
were analyzed during the expedition. In samples from Hole 
U1456B, no microspheres were observed in the interior of any of the 
core samples (Figure F34; Table T19). All exterior samples con-
tained microspheres, and most intermediate samples contained a 
low concentration of microspheres, demonstrating that contamina-
tion significantly decreases from the exterior toward the interior of 
the core.

Drilling fluid and seawater samples
Samples of drilling mud and core liner water samples for shore-

based characterization of microbial communities were taken at 
daily intervals. These samples are used to estimate the number of 
cells introduced into the core samples during drilling.

Microbiological shipboard analyses
Samples from Hole U1456B were analyzed for new microbial 

community structures. The subsurface sediment (0–27 mbsf ) in 
Hole U1456B contains some species of eukaryotic fungi (Figure 
F35) and meiofauna (Kinorhynchs sp.) (Figure F36). Initial ship-
board observations find that these two different taxonomic groups 
sometimes co-occur in the same habitat, such as in Sections 355-
U1456B-2H-4 and 4H-1 (Table T20). Interestingly, we observed the 
meiofauna at ~6 mbsf (Figure F36).The exact phylogenetic posi-
tions of the new taxa will be addressed during postcruise research 
by advanced molecular techniques. Despite an increasing number 
of studies on deep-sea microorganisms and meiobenthos, the 
mechanisms of their interactions, such as their response to organic 
matter availability, is still unclear.

Figure F33. Interstitial water silicon, barium, manganese, boron, and iron variations. Gray lines = average modern seawater concentrations.
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Figure F34. Results of fluorescent microsphere contamination testing for 
whole-round Sample 355-U1456B-3H-1, 130–140 cm. All images were taken 
using epifluorescence microscopy. A. Microsphere suspension deployed 
downhole. B. Microspheres found in the sediment from the exterior of the 
sample showing significant contamination. C. Sample from the center of the 
same whole round pictured in B showing unicellular organism and demon-
strating no contamination by microspheres in the center of the core.

100 µm

100 µm

100 µm

A B

C

Table T19. Fluorescent microsphere contamination test results, Hole 
U1456B. ND = not detectable. Download table in .csv format. 

Core, section, 
interval (cm)

Core 
type

Subsample location

Exterior Intermediate Center

355-U1456B-
2H-1, 130–140 APC 5 × 105 3 × 104 ND
2H-2, 130–140 APC 4 × 105 2 × 104 ND
2H-3, 130–140 APC 4 × 105 2 × 104 ND
2H-4, 130–140 APC 3 × 105 2 × 103 ND
2H-5, 130–140 APC 3 × 102 ND ND
2H-6, 139–140 APC 2 × 102 ND ND
3H-1, 130–140 APC 2 × 105 2 × 104 ND
3H-2, 130–140 APC 4 × 105 2 × 104 ND
3H-3, 130–140 APC 1 × 104 4 × 103 ND
3H-4, 130–140 APC 2 × 102 1 × 101 ND
3H-5, 130–140 APC 4 × 102 2 × 102 ND
3H-6, 130–140 APC 4 × 102 2 × 102 ND
4H-1, 130–140 APC 6 × 105 2 × 103 ND
4H-2, 130–140 APC 3 × 105 ND ND
4H-3, 130–140 APC 4 × 105 3 × 101 ND
4H-4, 130–140 APC 3 × 104 2 × 102 ND
4H-5, 130–140 APC 4 × 103 2 × 102 ND
4H-6, 130–140 APC 4 × 102 1 × 102 ND

Figure F35. Fungal assemblages observed at 500× magnification, Hole 
U1456B. Arrows indicate fungal specimens as (A–D) single hyphae and (E, F) 
aggregates. All images taken with plane-transmitted light (PL). A. 2H-4, 130–
140 cm. B. 3H-2, 130–140 cm. C. 4H-2, 130–140 cm. D. 4H-6, 130–140 cm. E, F. 
4H-1, 130–140 cm.
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Paleomagnetism and rock magnetism
Measurements

We measured the magnetic properties of archive halves from 
Cores 355-U1456A-1H through 21F at 5 cm intervals through step-
wise demagnetization to a maximum of 20 mT and Cores 355-
U1456D-2R through 67R with step-wise demagnetization to 25 mT. 
To aid in interpretation of the data, we took discrete samples at a 
rate of one per section from Holes U1456A, U1456C, and U1456D. 

Archive halves from intervals deemed to be not in situ (e.g., mass 
wasting events) were not measured, and these intervals were only 
sparsely sampled. We measured the anisotropy of magnetic suscep-
tibility (AMS) and performed step-wise demagnetization on dis-
crete samples from all holes. In order to characterize the rock 
magnetic mineralogy, we subjected many samples to anhysteretic 
remanent magnetization (ARM) and isothermal remanent magneti-
zation (IRM) acquisition experiments, and a selected few were sub-
jected to the full 3D-IRM thermal demagnetization experiment (see 
Paleomagnetism and rock magnetism in the Expedition 355 
methods chapter [Pandey et al., 2016a]).

Interpretation
Archive-half data

We plotted all of the measurements from the archive halves of 
Hole U1456A as blue symbols in Figure F37. Declinations within 
each core are reasonably consistent, but the cores appear to be ran-
domly oriented, an indication that they were not completely remag-
netized during coring and splitting. The upper 10 cores have 
inclinations consistent with the expected normal polarity average of 
~30° for the latitude of the site. However, although there are some 
negative inclinations in and below Core 355-U1456A-11H, the po-
larity log does not reflect the expected pattern for reversals, 
whereby entire intervals would be uniformly negative or positive, 
but appear to have many more positive inclinations than expected.

Ends of core sections measured in the pass-through system, cor-
ing disturbance (soupy layers and flow-in), and the presence of sand 
layers likely affected the results because these are less likely to pre-
serve the original magnetization. Therefore, we removed data from

• Within 10 cm of each core section end because these would be 
biased by the wide response function of the instrument’s sensor;

• Unconsolidated sandy intervals, as these are not expected to 
preserve a reliable magnetization; and

• Layers described as “soupy” or “flow-in” (see Lithostratigra-
phy).

Tables taken from lithostratigraphic descriptions were used to 
edit the data. The edited magnetic results are illustrated in Figure 
F37 as red dots and show that there was little to no reduction in 
scatter in the data. As a result, we ceased measurement of archive 
halves below Core 355-U1456A-21F and focused our efforts on the 
discrete samples.

The results are similar for Hole U1456D (Figure F38). The orig-
inal data at the 25 mT step are plotted in blue. Magnetic stability is 
grain size dependent and, generally speaking, sand-sized magnetite 
is unstable. Therefore, all horizons marked “sandy” or “sandstone” 
in either the major or minor descriptions were deleted, as were all 
data within 10 cm of the section ends and with disturbance intensi-
ties of 2 or greater. The edited data set is plotted in red. Although 
there are fewer data points after applying the filtering criteria listed 
above, any magnetostratigraphic interpretation based on these data 
would be questionable.

Discrete samples
Step-wise demagnetization of discrete samples produced a wide 

variety of behavior. Representative examples are plotted in Figure 
F39. The behavior shown in Figure F39A and F39B is straightfor-
ward in that the remanence decays quasilinearly to the origin with 
largely constant directions after removal of a soft, steeply dipping, 
coring-induced remanence at demagnetization step 15 or 20 mT. 
These we classify as Type I and interpret by fitting a line through at 

Figure F36. Meiofaunal organisms observed at 500× magnification, Hole 
U1456B. A. 2H-4, 130–140 cm (PL). B. 4H-1, 130–140 cm (dark field). C, D. 4H-
6, 130–140 cm (C: dark field, D: PL).
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DC

100 µm 100 µm

100 µm 100 µm

Table T20. Presence of fungi and meiofauna, Hole U1456B. ND = Not detect-
able, + = present. Download table in .csv format. 

Core, section, 
interval (cm)

Core 
type

Meiofaunal 
assemblages 

Fungal 
assemblages

355-U1456B-
2H-1, 130–140 APC ND ND
2H-2, 130–140 APC ND ND
2H-3, 130–140 APC ND ND
2H-4, 130–140 APC + +
2H-5, 130–140 APC ND ND
2H-6, 130–140 APC ND ND
3H-1, 130–140 APC ND +
3H-2, 130–140 APC ND +
3H-3, 130–140 APC ND ND
3H-4, 130–140 APC ND ND
3H-5, 130–140 APC ND ND
3H-6, 130–140 APC ND ND
4H-1, 130–140 APC + +
4H-2, 130–140 APC ND +
4H-3, 130–140 APC ND ND
4H-4, 130–140 APC ND ND
4H-5, 130–140 APC ND ND
4H-6, 130–140 APC + +
IODP Proceedings 43 Volume 355
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least four consecutive measurements. Two statistics are helpful in 
quantitatively assessing the quality of the fit: the maximum angle of 
deviation (Kirschvink, 1980), which is a measure of the scatter 
about the best fit line, and the deviation angle (Tauxe, 2010), which 
measures the deviation of the fitted line from the origin. We used a 
cut-off of 15° and 10° for the maximum angle of deviation and the 
deviation angle, respectively, and rejected data that exceeded these 
bounds. As core orientation is basically random in azimuth (see dis-
cussion below), we based our interpretation on the inclination val-
ues of the magnetization vector: downward-directed (positive) 
remanences (e.g., Figure F39A) are interpreted as being “normal,” 
whereas upward-directed (negative) remanences (Figure F39B) are 
interpreted as “reverse.”

Type II behavior (Figure F39C) fails the criteria for Type I in 
that the data do not go to the origin. The deviation angle exceeds 
10°, and the polarity is uncertain. On the equal area projection, data 
are initially spread along a great circle suggesting that the character-
istic magnetization is upward directed but never reached. It is also 
possible that the characteristic magnetization is downward directed 
and is being deflected by the acquisition of a laboratory remanence. 
We therefore reject this type of behavior.

The examples shown in Figures F39D and F39E illustrate the 
problem of unintended laboratory-acquired remanences suspected 
in the Type II behavior. The demagnetization data in Figure F39D
(Type III) initially trend toward the origin but then begin to deviate 
strongly away from the origin, growing in magnetization (Figure 

F39E). On the equal area projection (inset to Figure F39E) they are 
spread along a great circle deviating toward the specimen’s y-axis. 
This fact suggests laboratory remagnetization starting at ~40 or 50 
mT. This magnetization is perpendicular to the last axis demagne-
tized (in this case, the specimen’s z-axis) and is interpreted as a 
gyroremanent magnetization (GRM), frequently associated with 
the authigenic (diagenetic or biogenic) iron sulfide greigite (Fe3S4). 
These data were treated as a special case. We calculated a GRM in-
dex (Fu et al., 2008), which is the remanence after demagnetization 
to 60 mT minus the minimum value, and normalized by the vector 
difference sum of the portion of demagnetization data prior to the 
minimum value minus the minimum value. This index quantifies 
the tendency to gain remanence after the 40 or 50 mT step (as 
shown in Figure F39D, F39E). GRM ranges from 0 to >1, and the 
specimen shown in Figure F39D and F39E has a value of 0.47. In-
terpretation of GRM associated with the occurrence of greigite is 
not straightforward, as many studies have shown that it can grow 
significantly during diagenesis after initial shallow burial (e.g., Sa-
gnotti et al., 2005). The systematic use of the GRM index through-
out all cores allowed us to log the potential occurrence of greigite 

Figure F38. Results of pass-through magnetometer measurements of 
archive halves, Hole U1456D. Declination and inclination measured after 
demagnetization at 25 mT. Blue symbols = data as measured, red symbols = 
edited data.
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Figure F37. Results of pass-through magnetometer measurements of 
archive halves, Hole U1456A. Declination and inclination measured after 
demagnetization at 25 mT. Blue symbols = data as measured, red symbols = 
edited data.
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Figure F39. Representative results of step-wise demagnetization data during alternating field (AF) demagnetization. A–D, F. Vector endpoint diagrams. Red 
circles are xʹ, yʹ pairs (in vertically oriented coordinate system where xʹ and yʹ are in the horizontal plane, aligned with xʹ-direction parallel to the NRM direction), 
and blue squares are xʹ, z pairs. Positive z is vertically down. The NRM is the untreated initial measurement. Subsequent treatment steps in AFs of up to 100 mT 
are labeled, and the bounds of interpretation are indicated by green squares where appropriate. Best-fit lines are shown in green. Insets to C and E are equal 
area projections of the directional change during demagnetization. The line from the center to the edge is the azimuth of the NRM remanence vector (xʹ-
direction). E. Remanence decay versus AF treatment.
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and to easily identify stratigraphic intervals that may have experi-
enced a diagenetic remagnetization. The data in Figure F39F (Type 
IV) are completely noisy (termed “spaghetti plots”). These are also 
ignored.

The criteria used in this study are admittedly somewhat arbi-
trary, and the reliability of these interpretations must be established 
by some means. In a typical land-based study, directions are plotted 
in equal area projections and the data are tested using a “reversals 
test” (e.g., Tauxe, 2010) to establish that there are two antipodal 
modes that can be reasonably assigned to normal and reverse 
groups. Because the cores from Holes U1456A and U1456C were 
nominally oriented using the Icefield MI-5 orientation device, we 
can attempt a “reversal” test for the data from Site U1456 in those 
intervals. We plot all the Type I specimen directions in equal area 
projection in Figure F40A. The outer rim is the horizontal plane 
and the central cross is the vertical direction (±90°). Declinations of 
directions can be read by finding the azimuth of each data point 
along the outer rim (tick marks are at 10° intervals). Inclinations go 
from the outer rim (0°) to the center. The declinations are randomly 

oriented, as might be expected, but the inclinations appear, except 
for a few cases, limited to within 60° of horizontal and are both up-
ward (open symbols) and downward (solid symbols) directed.

Cores 355-U1456A-1H through 16H and 355-U1456C-1H 
through 18H were “oriented” using two of the three Icefield orienta-
tion devices available on board. Devices are swapped out regularly 
to prevent depletion of the batteries. The first device was used to 
orient Cores 355-U1456A-1H through 11H and 355-U1456C-16H 
through 18H, and the second was used to orient the rest. After ap-
plying the core’s azimuth obtained from the Icefield device, the di-
rections are shown in Figure F40B and F40C for Holes U1456A and 
U1456C, respectively. The uppermost two cores in Hole U1456A 
(1H and 2H) were quite soupy, and the orientation adjustment 
clearly was unsuccessful (note that no usable data were obtained 
from Core 1H). In addition, the Icefield tool data for Core 355-
U1456A-5H showed a spiraling pattern during penetration, and the 
uppermost two sections of this core are also apparently twisted. 
Apart from these exceptions, there are two distinct directional 
groups, one with a northwesterly and downward average direction 
IODP Proceedings 45 Volume 355
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and the other southeasterly and upward. It is unclear why there is an 
anticlockwise bias in the directions, as the magnetic declination at 
the site is nearly zero; however, there are very few reverse data 
points, which are insufficient to carry out a meaningful reversals 
test.

In contrast to the relative success of the data from Hole U1456A, 
the oriented data for Hole U1456C (Figure F40C) are in no way ori-
ented, with the exception of the deepest core collected (Core 355-
U1456C-17H), which was oriented after switching back to the first 
Icefield tool. Just before retrieval of Core 17H, it was noticed that 
the screw that ties the orientation device to the core barrel was 
loose and had to be tightened. A possible explanation for the pat-
tern of failure apparently beginning near the lowermost Icefield 
measurements in Hole U1456A and continuing until near the last 
Icefield measurements in Hole U1456C is that the screw became 
loose just above Core 355-U1456A-14H and then was tightened 
above Core 355-U1456C-17H. Alternatively, it might be possible to 
attribute the “bad” orientations to the second Icefield tool, which 
was used to orient Cores 355-U1456A-12H through 16H and 355-
U1456C-1H through 15H, although there is not a perfect match be-
tween the failure of orientation and the use of the orientation tool.

A second method of assessing the reliability in an unoriented 
drill core relies on the behavior of the inclination data. Here we em-
ploy the TK03 statistical model for paleosecular variation (Tauxe 
and Kent, 2004) in order to predict the distribution of inclinations 
expected from the latitude of the site. We drew 1000 realizations of 
the model for a latitude of 16°N and plotted the resulting inclina-
tions as a histogram in Figure F41A. These data are for a uniformly 
normal field direction, but although most of the data are indeed 

downward directed, ~6% are upward directed. By ignoring data dip-
ping within 5° of the horizontal, we can achieve a 95% confidence in 
the polarity interpretation from the inclination data. If one also 
takes the additional precaution of placing little weight on polarity 
intervals represented by single specimens, one can be reasonably 
confident in the polarity assignments, if the data behave as the 
model predicts.

We show the distribution of inclinations for Type I specimens 
from Holes U1456A, U1456C, and U1456D plotted as a histogram 
(red) in Figure F41B. We anticipate that there are both polarities 
present in our cores, so we also show the same number of realiza-
tions of the TK03 model with both polarities as a blue line. These 

Figure F40. Equal area projections of specimen directions from APC cores, 
Holes U1456A and U1456C. The outer rim is the horizontal plane, and the 
center of the plot is the vertical. Solid circles = downward-directed vectors, 
open circles = upward-directed vectors. Tick marks are at 10° intervals. A. 
Unoriented specimens from both holes. Blue = Hole U1456A, red = Hole 
U1456C. B. Specimens from Hole U1456A after adjustment of orientations 
using the Icefield orientation tool. C. Specimens from Hole U1456C after 
adjustment of orientations using the Icefield orientation tool.
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Figure F41. Histograms of predicted and observed inclinations from the 
TK03 paleosecular variation model of Tauxe and Kent (2004) and specimen 
inclinations, Site U1456. A. Distribution of inclinations from 1000 realizations 
assuming normal polarity at the present latitude of Site U1456. B. Distribu-
tion of realizations from TK03 with both polarities (blue) and the Type I spec-
imen directions from Holes U1456A, U1456C, and U1456D (red). Black 
dashed lines are within 5° of the horizontal and are of ambiguous polarity. 
Green dashed line is at 60°, and inclinations steeper than that are likely to be 
coring overprints.
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show two distinct peaks, the normal (positive) and reverse (nega-
tive) polarities in the model. The data from Site U1456 (red line) 
also have two peaks but appear to be biased toward shallower direc-
tions, particularly for those specimens with negative inclinations 
(which come from deeper in the sedimentary section, making the 
polarity determination more difficult). There is also a minor peak 
with inclinations steeper than ~60° (not seen in the negative inclina-
tion data), which may be an unremoved coring-induced remanence. 
Nonetheless, if nearly horizontal data, polarity zones based on sin-
gle specimens, and inclinations steeper than 60° are given little 
weight, then a reasonable interpretation of the polarity can be 
made.

We plot the inclination data versus depth for Holes U1456A, 
U1456C, and U1456D in Figure F42. The lithologic log is shifted 
downward by 12.1 m below 425 mbsf to make the log compatible 
with the composite depths used for the inclinations. Inclinations 
within 5° of horizontal and those steeper than 60° are marked with 
dashed lines and a yellow shaded box, respectively (Figure F42C), 
and should be given little weight, as should polarity zones based on 
a single specimen (indicated by short bars on Figure F42D). There 
are clear zones of dominant normal and reverse polarity (shown in 
the polarity logs as black and white intervals, respectively). Where 

the two holes overlap, the agreement is excellent. We plot the GRM 
index in Figure F42B. The greigite-bearing samples are of both po-
larities.

Our magnetostratigraphic interpretation is based on polarity 
zones in the composite log (Figure F42D). Many of these zones can 
be correlated to the geomagnetic polarity timescale of Gradstein et 
al. (2012), and our tie points are shown as solid red lines in Figure 
F42. These ties are also listed in Table T21 and plotted on the Site 
U1456 age-depth plot (Figure F20). Intervals with significant hia-
tuses are indicated by the blue arrows next to the timescale in Figure 
F42E.

Rock magnetic experiments
Basic rock magnetic experiments were carried out on represen-

tative samples from Hole U1456D. In our preliminary study, we re-
lied on step-wise IRM acquisition and successive thermal decay of a 
three-component IRM (see Paleomagnetism and rock magnetism
in the Expedition 355 methods chapter [Pandey et al., 2016a]). IRM 
acquisition was carried out in 14 steps up to 1 T (the maximum field 
available in the shipboard laboratory) with a direct-current field 
strong enough to saturate low- to medium-coercivity magnetic 
minerals, such as magnetite and Fe sulfides, and to interpret acqui-

Figure F42. (A) Lithology, (B) GRM index, and (C) inclinations from Type I specimen directions with (D) polarity and (E) geomagnetic polarity timescale 
(GTS2012; Gradstein et al., 2012). Inclination: yellow zone = inclinations steeper than 60°, likely to be coring overprints; thin dashed lines are within 5° of the 
horizontal and are of ambiguous polarity. Polarity and timescale: black = positive (normal) inclination, white = negative (reverse) inclination; zones based on 
single specimens are shown as short bars on polarity column; red lines = tie points from Table T21; blue arrows = missing time intervals.
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sition behavior of hematite and goethite. We show the acquisition 
curves in Figure F43.

All samples show a general behavior characterized by steep ac-
quisition at low field strengths, usually associated with magnetite 
and greigite, followed by a gradual approach to saturation. Lack of 
saturation is generally associated with the presence of goethite, he-
matite, or pyrrhotite. Interestingly, two of the three Type III (GRM) 
specimens (Samples 355-U1456D-2R-2, 76 cm, and 4R-2, 75 cm) do 
not saturate, and we suspect that the usual interpretation of GRM as 
indicating greigite may be oversimplified in this sediment. Either 
there is the co-occurrence of iron sulfide (greigite) with the most 
highly oxidized form of iron oxide (hematite), or certain forms of 
hematite (specularite) may also exhibit the GRM behavior.

After imparting a 1 T field along the specimens’ z-axes, the 
specimens were then subjected to a second IRM in a 0.3 T field par-
allel to the y-axes, and finally a third IRM in a field of 0.12 T along 
the specimens’ x-axes. Thermal demagnetization of the three-com-
ponent IRM in Sample 355-U1456D-2R-1, 66 cm (Figure F44A; 
Type I), shows the distinctive behavior associated with hematite in 
that the hard fraction does not demagnetize until well above 600°C. 
In contrast, Sample 9R-4, 103 cm (Figure F44B; Type I), has an in-
significant hard fraction and is fully demagnetized at just over 
600°C. This sample also shows a sharp decrease in intensity at 300°–
320°C in the soft fraction and a more gradual decrease of intensity 
in the medium fraction between 200° and 350°C. These observa-
tions together point to a maghemite-dominated magnetic mineral-
ogy (Lowrie, 1990). Sample 16R-1, 96 cm (Figure F44C; Type II), is 
similar to that shown in Figure F44B but is fully demagnetized by 
600°C, indicating that magnetite is the main magnetic carrier. Sam-
ples 20R-1, 55 cm, 2R-2, 76 cm (Figure F44E), and 4R-2, 75 cm (Fig-
ure F44D–F44F), are all Type III yet have different behavior in the 
3D-IRM demagnetization experiments. Figure F44D shows a sharp 
decrease in intensity at 300°–320°C within the soft fraction, and the 
sample is fully demagnetized by 400°C, consistent with a pyrrothite 
or greigite remanence. Figure F44E also demonstrates a steep de-

cline in the soft fraction, as well as in the medium fraction, but re-
tains significant remanence in the medium and hard fractions above 
600°C, as does the sample shown in Figure F44F. These observa-
tions suggest the presence of hematite and another mineral with ei-
ther a Curie temperature near 350°C (e.g., greigite) or one that is 
metastable at that temperature (e.g., maghemite). No behavior in-
dicative of goethite, which has a Curie temperature of ~125°C and a 
very high coercivity, is observed. On the whole, our experiments 

Table T21. Magnetic polarity tie points, Site U1456. o = older, y = younger. Download table in .csv format. 

Datum

Core, 
section,
interval 

(cm)

Minimum 
depth
(mbsf )

Maximum 
depth
(mbsf )

Depth
CSF-A

(m)

Core, 
section,
interval 

(cm)

Minimum 
depth
(mbsf )

Maximum 
depth
(mbsf )

Depth
CSF-A

(m)

Core, 
section,
interval 

(cm)

Minimum 
depth
(mbsf)

Maximum 
depth
(mbsf)

Depth
CSF-A 

(m)
Age 
(Ma)

Datum 
depth 
CSF-A

(m)
Range 

(m)

355-U1456A- 355-U1456C- 355-U1456D-
C1n (o) 10H-4, 40;

10H-6, 63
85.4 88.63 87.015 0.781 87.015 1.615

C1r.1n (y) 12H-5, 75 105.35 14H-6, 90 104.7 0.988 105.025 0.325
C1r.1n (o) 16H-1, 100;

16H-2, 93
116.3 117.73 117.015 1.072 117.015 0.715

C1r.2n (y) 19F-3, 67 152.37 22F-2, 70 153.3 1.173 152.835 0.465
C1r.2n (o) 20F-3, 74 157.14 23F-3, 50 159.3 1.185 158.22 1.080
C2n (y) 53F-4, 54;

54F-1, 54
309.14 310.14 309.64 1.778 309.64 0.500

C2An.1n (y) 59F-1, 60;
60F-1, 19

333.7 337.99 335.845 2.581 335.845 2.145

C2An.3n (o) 46X-1, 30 463.6 3R-1, 67 469.17 3.596 466.385 2.785
C3An.2n (o) 10R-4, 118;

11R-1, 57
541.83 546.67 544.25 6.733 544.25 2.420

C3Bn (y) 13R-2, 68;
15R-1, 76

567.18 585.66 576.42 7.14 576.42 9.240

C3Br.1n (o) 16R-7, 76;
17R-1, 14

603.5 604.44 603.97 7.285 603.97 0.470

C4An (y) 27R-3, 66;
30R-1, 87

704.96 731.27 718.115 8.771 718.115 13.155

C4Ar.1n (y) 31R-2, 121;
31R-7, 40

742.81 749.21 746.01 9.311 746.01 3.200

C5n.1n (y) 33R-1, 32;
33R-2, 16

759.82 760.97 760.395 9.786 760.395 0.575

Figure F43. IRM acquisition curves for representative samples from Hole 
U1456D. Magnetizations have been normalized by the 1 T step for compari-
son purposes. Warm colors = shallower positions of the sample in the core 
stratigraphy, cold colors = deeper positions of the sample in the core strati-
graphy.
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Figure F44. A–F. Thermal decay of the 3D-IRM experiments for representative 
samples, Hole U1456D. Soft, medium, and hard refer to the coercivity frac-
tions separated by the application of successive direct-current fields of 1, 
0.3, and 0.12 T along the z-, y-, and x-directions, respectively. Magnetizations 
have been normalized by the maximum value for comparison purposes.
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confirm the occurrence of magnetite, maghemite, and hematite as 
the main magnetic carriers, as well as Fe sulfide (greigite). However, 
the common interpretation of GRM (Type III behavior) does not 
seem to be uniquely associated with greigite.

Physical properties
Physical properties were measured on whole-round cores, split 

cores, and discrete samples from each of the five holes drilled at Site 
U1456 to provide basic information for characterizing the drilled 
section. All core sections were measured with the gamma ray atten-
uation (GRA) bulk densitometer, magnetic susceptibility loop, and 
P-wave logger on the WRMSL. Additionally, GRA bulk density and 
magnetic susceptibility were measured on all core sections from 
Holes U1456B and U1456C and the upper few cores from Hole 
U1456D (Cores 355-U1456D-2R through 7R) with the STMSL im-
mediately after the cores were brought onboard. Core disturbances 
associated with poorly consolidated sand layers between ~135 and 
~360 mbsf compromised the collection of core logger compres-
sional wave (P-wave) velocity data during APC coring. After 
WRMSL scanning, whole-round sections were logged for NGR be-
fore splitting. Point-sensor magnetic susceptibility and color spec-
trometry (color reflectance) were measured on split core sections 
using the SHMSL. Discrete P-wave and shear strength measure-
ments were made on cores from Holes U1456A and U1456E and 

from selected sections from Holes U1456C and U1456D on the Sec-
tion Half Measurement Gantry. Moisture and density (MAD) mea-
surements were made on discrete samples from Holes U1456A, 
U1456D, and U1456E and selected sections of Hole U1456C. Data 
from Hole U1456B are not plotted because they replicate the upper-
most ~30 m of both Holes U1456A and U1456C.

GRA bulk density
Bulk density values measured from GRA on the WRMSL were 

corrected for the erroneously low or high values arising from mea-
surements made toward the beginning or the end of the core sec-
tions, which are caused by the core liner cap. Additionally, values 
lower than the density of water were also removed. Core 355-
U1456A-52X data were removed from the profile because of erro-
neous measurements generated while logging and confirmed with 
erroneous measurements of the water standard measurements 
taken at the same time.

Bulk density is low in lithologic Unit I (see Lithostratigraphy) 
when compared to both Units II and III (Figure F45A, F45B). 
Within Unit I, bulk density increases from ~1.4 g/cm3 near the sea-
floor to ~1.8 g/cm3 at ~50 mbsf and then decreases to ~1.6 g/cm3

between ~50 and ~75 mbsf. Subsequently, the bulk density in-
creases back to ~1.8 g/cm3 until ~130 mbsf, which is slightly deeper 
than the base of Unit I. In addition to these major trends, periodic 
and pronounced changes in bulk density occur throughout Unit I at 
an interval of ~10 m in the uppermost 75 m and ~5 m below 75 
mbsf until the base of Unit I (Figure F46). When examined in detail, 
these periodic changes are gradual and do not correlate to the core 
breaks.

A distinct shift in bulk density to ~2.0 g/cm3 occurs at ~135 
mbsf, roughly 15 m below the Unit I/II boundary defined based on 
visual core description (see Lithostratigraphy). Higher bulk density 
in Unit II is attributed to the dominance of sand, as opposed to the 
carbonate-rich, soft, clayey sediment in Unit I, which has a lower 
bulk density. Within Unit II, bulk density generally increases down-
hole to ~2.2 g/cm3 at ~210 mbsf, followed by a net decrease in bulk 
density to ~1.9 g/cm3 at the base of Unit II (~360 mbsf ). Fluctua-
tions in bulk density within Unit II probably correspond either to 
graded beds, interpreted as turbidite deposits, or occasional clay-
silt layers (Figure F45A, F45B). Bulk density in both Holes U1456B 
and U1456C matches well with that of Hole U1456A for both Units 
I and II.

Bulk density is relatively high in Unit III, with values varying 
from 2.0 to 2.5 g/cm3 (Figures F45, F47). The increase in bulk den-
sity in Unit III is attributed to the dominance of indurated claystone. 
Within Unit III, distinct decreases in bulk density to ~1.8 g/cm3 are 
observed between 510 and 550 mbsf and from 595 to 605 mbsf (up-
per two gray boxes in Figure F47). The first interval of low bulk den-
sity is dominated by nannofossil-rich chalk, whereas nannofossil-
rich claystone and clayey nannofossil chalk are abundant in the sec-
ond interval. Bulk density then decreases again in the upper part of 
Unit IV to close to 2.0 g/cm3 until ~835 mbsf. The slight decrease in 
bulk density over this interval is attributed to the dominance of in-
durated claystone intercalated with sandy siltstone. A distinct in-
crease in bulk density is observed from 835 to 965 mbsf, but values 
still vary between 2.0 and 2.4 g/cm3. A further shift in bulk density 
with values ranging dramatically from 1.8 to 2.6 g/cm3 is observed 
toward the base of both Holes U1456D and U1456E (Figure F47). 
The shift in bulk density toward the base of Unit IV is attributed to 
the dominance of calcarenite and carbonate breccia.
IODP Proceedings 49 Volume 355
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Magnetic susceptibility
In general, magnetic susceptibility varies from 0 to 400 × 10–5 SI 

(Figures F45C, F45D, F47C, F47D). Intervals with high amounts of 
carbonate (e.g., Core 355-U1456A-11H) generally have very low 
magnetic susceptibility, whereas those with coarser/terrigenous 
material have higher magnetic susceptibility. A distinct increase in 
the lowest values or baseline of magnetic susceptibility is noted at 
the base of lithologic Unit I and is attributed to the common pres-

ence of sand that begins here and continues in Unit II. Considerable 
fluctuations are noted in magnetic susceptibility within Unit I. Mag-
netic susceptibility is somewhat less variable in the upper part of 
Unit II, between ~140 and ~220 mbsf. An abrupt increase in values 
is observed between ~220 and ~250 mbsf, which corresponds to 
dark-colored sand with silt, and again between ~310 and ~330 mbsf 
(shaded areas in Figure F45), which is attributed to the abundance 
of mica in these sand-dominated intervals. Subsequently, a decrease 
in magnetic susceptibility is noted from~330 to ~360 mbsf at the 
base of Unit II, followed by an overall increase within Unit III to a 
peak at ~380 mbsf (black arrow in Figure F45C), which is attributed 
to the presence of concretions within the clay. A distinct decrease in 
magnetic susceptibility is observed between 510 and 540 mbsf and 
is attributed to an abundance of biogenic material (upper gray box 
in Figure F47). From 550 mbsf downward, magnetic susceptibility is 
comparatively higher, except for a brief decrease between 595 and 
605 mbsf, which is also attributed to the presence of nannofossil-
rich claystone and clayey nannofossil chalk. Magnetic susceptibility 
decreases in the upper part of Unit IV down to ~835 mbsf. A dis-
tinct increase in magnetic susceptibility is observed from 845 to 925 
mbsf. Subsequently, magnetic susceptibility decreases at 925 mbsf 
and then slowly rises to 955 mbsf. Values show less scatter in this 
interval than those above. The decrease in magnetic susceptibility is 
attributed to the abundance of biogenic material (nannofossil-rich 
claystone and claystone with nannofossils). A further drop in mag-
netic susceptibility is observed below 975 mbsf, which continues 
until the base of Unit IV in both Holes U1456D and U1456E, except 
for a distinct peak centered at 1003 mbsf within nannofossil-rich 
claystone (Core 355-U1456D-59R; blue arrow in Figure F47C). The 
drop in magnetic susceptibility is attributed to the presence of cal-
carenite rich in biogenic material. Point magnetic susceptibility 
measured on section halves using the SHMSL is comparable to the 
whole-round data from the WRMSL (Figures F45C, F45D, F47C, 
F47D).

Figure F45. A–H. Physical properties measurements, Holes U1456A and U1456C. Horizontal black lines indicate lithologic unit boundaries. Shaded areas indi-
cate intervals of consistently high magnetic susceptibility in Unit II. Black arrow in C is peak in magnetic susceptibility in Unit III. Red arrow in E is peak in P-wave 
velocity in Unit I.
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P-wave velocity
The P-wave velocity values measured with the P-wave logger 

(PWL) on the WRMSL were erratic at times because of poor acous-
tic coupling in some of the cores, especially those with predomi-
nantly sand-sized grains, which were partially saturated with water. 
All values >1800 m/s were removed from Figure F45E and F45F. 
Within Unit I, P-wave velocity increases from ~1500 m/s at the sea-
floor to 1700 m/s at ~50 mbsf before decreasing again to ~1500 m/s 
at ~75 mbsf. Subsequently, P-wave velocity increases to greater than 
1600 m/s at ~130 mbsf. P-wave velocity could not be measured for 
Units III and IV by the PWL because of the sandy nature of the sed-
iment and the narrow diameter of RCB cores, as compared to that of 
the liner. WRMSL P-wave velocities of the cores from both Holes 
U1456B and U1456C are similar to those from Unit I in Hole 
U1456A (Figure F45E, F45F).

P-wave measurements (x- and z-axis) using the P-wave caliper 
(PWC) tool were taken from Site U1456 at ~1.5 m resolution or 
when recovery and lithology allowed. Because of poor data quality 
in soft sandy sections or unsaturated indurated sections, fewer x-
axis and no z-axis PWC measurements were taken below ~135 
mbsf. Comparison of PWL and PWC x-axis measurements in over-
lapping intervals of Holes U1456A and U1456C reveal overall good 
correspondence (Figure F45E, F45F).

PWC values vary widely, sometimes within the same section, 
likely because of varying lithology. Values generally range from 
~1400 to ~1700 m/s in Hole U1456A to 420 mbsf. The overall trend 
shows lower values (average = ~1400–1600 m/s) in the clay of Unit 
I, with a peak at ~50 mbsf (red arrow in Figure F45E). Higher values 
(up to 1700 m/s) are observed in Units II and III, probably related to 
an increase in grain size and compaction of the sediment. This 
trend continues in Hole U1456D, where velocity increases down-
hole from ~1700 to ~2200 m/s at 965 mbsf. High values of >3000 
m/s were reached in a calcarenite at ~975 mbsf in Core 355-

U1456D-56R (Figure F47E), possibly corresponding to a strong 
seismic reflector (see Background and objectives). Hole U1456E, 
which cored through the mid- and lower part of Unit IV, has high 
seismic velocities up to 3500 m/s (Figure F47F).

Natural gamma radiation
NGR varies from ~12 to ~50 counts/s between the seafloor and 

~130 mbsf (Figure F45G, F45H), which corresponds to lithologic 
Unit I. Variations in NGR in Unit I also exhibit a periodicity of ~10 
m in the upper part and ~5 m in the lower part, similar to that seen 
in the bulk density record (Figure F46). A distinct increase in NGR 
to ~45–75 counts/s is recorded at ~130 mbsf near the top of Unit II, 
and NGR remains high until the base of Unit II at ~360 mbsf. The 
increase in NGR in Unit II is attributed to the higher percentage of 
clastic material in this unit, contrasting with the predominance of 
biogenic carbonate in Unit I.

NGR fluctuates regularly between intervals of low and high val-
ues within Unit III (Figures F45G, F45H, F47G, F47H). A distinct 
interval with low values of NGR can be found in the upper part of 
Unit III, between 510 and 545 mbsf, with values ranging from 25 to 
45 counts/s (upper gray box in Figure F47). The drop matches very 
well with the drop in bulk density and is attributed to an abundance 
of nannofossil chalk. Subsequently, NGR values are higher (40–70 
counts/s) until the base of Unit III, except for a short decrease be-
tween 595 and 605 mbsf (second upper gray box in Figure F47). 
High NGR is attributed to the dominance of claystone in this inter-
val. The drop in NGR between 595 and 605 mbsf is driven by the 
abundance of biogenic material (nannofossil-rich claystone) within 
this interval.

A dramatic (but variable) decrease in NGR between 835 and 925 
mbsf within Unit IV is attributed to the presence of biogenic car-
bonate–rich sediment (nannofossil-rich calcarenite). NGR is dis-
tinctly high between 930 and 960 mbsf, and interestingly, unlike the 

Figure F47. A–H. Physical properties measurements, Holes U1456D and U1456E, in the lower part of the U1456 sediment section. Horizontal black lines indi-
cate lithologic unit boundaries. Shaded bars indicate intervals of marked change in physical properties. Blue arrow in C is peak in magnetic susceptibility in 
Unit III. Black arrow in H is peak in NGR in the lower part of Unit IV.
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previous intervals with elevated NGR values, this interval is in a 
nannofossil-rich claystone. The claystone within this interval is pos-
sibly responsible for the uniform high NGR values. A significant 
drop in NGR, which is attributed to higher carbonate content (cal-
carenite), marks the lower part of Unit IV in both Holes U1456D 
and U1456E. An extremely high peak of 112 counts/s was seen 
within Unit IV in Hole U1456E at 1011.5 mbsf (depth of high value 
falling off the figure indicated by black arrow in Figure F47H). This 
peak occurs near the top of multicolored claystone composed of 
deeply weathered volcanic glass (see Lithostratigraphy) and could 
be the result of a concentration of uranium related to extreme 
leaching of volcanic glass (e.g., Leventhal, 1983). This lithology was 
only recovered in Hole U1456E. The sandstone recovered at the 
bottom of Hole U1456E has higher NGR values, similar to previous 
low-carbonate intervals. The NGR activity in the units recovered in 
both Holes U1456B and U1456C matches well with that in Hole 
U1456A (Figure F45G, F45H).

Moisture and density
Bulk density, dry density, grain density, porosity, and void ratios 

in Holes U1456A and U1456C–U1456E were calculated from mass 
and volume measurements on discrete samples taken from the 
working halves of split cores (see Physical properties in the Expe-
dition 355 methods chapter [Pandey et al., 2016a]). Most samples 
were obtained from Holes U1456A, U1456D, and U1456E, whereas 
Hole U1456C served to fill in gaps in the uppermost 464 mbsf. 
MAD values correspond well with WRMSL GRA bulk densities af-
ter correcting for density differences in GRA density during XCB 

and RCB coring (see Physical properties in the Expedition 355 
methods chapter [Pandey et al., 2016a]; Figures F45, F46, F47).

MAD dry densities increase downhole from ~0.8 g/cm3 at the 
seafloor to ~1.4 g/cm3 at the base of Unit I. Deeper than ~135 mbsf, 
density stays high and increases up to 1.8 g/cm3 by ~460 mbsf (Fig-
ure F48). Values around 1.6–1.8 g/cm3 are maintained throughout 
most of Hole U1456D, with some high values up to 2.4 g/cm3 in the 
lower half of Unit IV (Figure F49). Porosity (percent pore space in 
the wet sediment volume) measured on discrete samples generally 
decreases with depth. Discrete porosity values decrease rapidly 
from >80% at the surface to ~40%–44% at ~130 mbsf, consistent 
with compaction in the upper part of the sediment column (Figure 
F48). Below ~130 mbsf, porosity values continue to decrease gradu-
ally to ~35% at ~925 mbsf (Figures F48, F49); more strongly lithi-
fied sections in the 925–1100 mbsf interval show porosities as low 
as 10% (Figure F49). Co-varying downhole trends in dry density, 
porosity, and void ratio are most likely related to compaction, as 
well as shifts in lithology. Carbonate-rich, soft, fine-grained sedi-
ment in Unit I has lower dry densities and higher porosity and void 
ratios than the thick sand beds in Unit II. Because sediment be-
comes more lithified downhole, density continues to increase in 
Units III and IV. However, Unit IV has higher variability as a result 
of measurements on a range of lithologies that were transported by 
mass wasting to the site. Grain density varies between 2.6 and 3.0 
g/cm3 with no visible downhole trend, although at the bottom of 
Unit IV the carbonate conglomerates have the lowest grain densities 
(Figure F49). The relatively high average grain density values may 
be related to the presence of recrystallized carbonates, clays, and/or 
heavy minerals in the sediment.

Figure F48. MAD discrete sample, density, porosity, and void ratios and thermal conductivity, Holes U1456A (solid circles) and U1456C (open circles). Shear 
strength was measured using the automated shear vane test (solid circles) and penetrometer (open circles).
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Shear strength
Shear strength measurements were performed on sediment 

from Hole U1456A using the automated vane shear (AVS) through 
Core 355-U1456A-26F (~185 mbsf ). Below this depth, sediment be-
came too compacted for this method, so a penetrometer was used 
and shear strength was calculated from compressional strength (see 
Physical properties in the Expedition 355 methods chapter [Pan-
dey et al., 2016a]). Sediment was too compacted for the penetrome-
ter at and below Core 355-U1456A-74X (Figure F48). Shear 
strength indicates that sediment ranges from soft (0–50 kPa) above 
200 mbsf to stiff (150–220 kPa) below 325 mbsf. The soft carbonate 
ooze in the upper part of the sediment sequence is reflected in the 
very low shear strength values in Unit I. Sediment becomes harder 
with compaction downhole; however, values are variable through-
out Unit II, probably due to alternating layers of sand and com-
pacted clay layers.

Thermal conductivity
A thermal conductivity profile was obtained (resolution of ~10 

m) using a thermal conductivity needle until the recovered material 
was too hard for penetration at ~360 mbsf (base of Unit II), below 
which a puck was used on split core sections. Thermal conductivity 
measurements show a shift from low values in Unit I (0.8–1.2 
W/[m·K]) to higher values (1.2–2.0 W/[m·K]) within sand-rich sec-

tions characteristic of Unit II (Figure F48). With increasing lithifica-
tion downhole, values increase up to 2.4 W/(m·K) (Figure F49).

Downhole measurements
Logging operations

Logging operations began after completion of coring operations 
in Hole U1456C at 1000 h (all times are local; UTC + 5.5 h) on 17 
April 2015 to a total depth of 465.2 m DSF. Preparation for logging 
included a wiper trip, which found no fill; locking open the LFV; 
and then running a 40 bbl sepiolite mud sweep, after which the pipe 
was raised to a logging depth of 81 m DSF. Two tool strings were 
initially deployed in Hole U1456C during logging operations: the 
triple combo and the FMS-sonic tool strings (Figure F50; see 
Downhole measurements in the Expedition 355 methods chapter 
[Pandey et al., 2016a]). Because of the possibility of unstable bore-
hole conditions caused by the presence of unconsolidated, fluidized 
sands, the radioactive gamma ray source was left out of the first log-
ging run with the triple combo tool string. After the borehole was 
found to be in good condition during two logging runs with no ob-
vious tight spots, we decided to deploy the triple combo tool string 
with the radioactive gamma ray source as a third logging run after 
the FMS-sonic tool string.

The first deployment was the triple combo tool string, made up 
of gamma ray, density, resistivity, and magnetic susceptibility tools. 

Figure F49. MAD discrete sample density, porosity, and void ratios and thermal conductivity, Holes U1456D (solid circles) and U1456E (open circles).
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The tool string was lowered into the hole at 1155 h on 17 April. 
When the tool string was just below the end of the pipe, the wireline 
heave compensator settings were optimized to minimize downhole 
tool motion. A downlog proceeded at a speed of ~550 m/h to a total 
depth of ~465 m WSF, and two uplogs (main and repeat) were col-
lected at a speed of ~550 m/h. The main pass was logged upward 
from total depth through the drill string to record seafloor with the 
gamma ray tool. The tool string was recovered to the rig floor at 
1740 h on 17 April.

The second logging run was performed with the FMS-sonic tool 
string. The tool string was rigged up and run into the hole at 1810 h 
on 17 April. A downlog was recorded at 550 m/h, reaching a total 
depth of ~465 m WSF. Two passes of the hole were made: the first at 
a speed of 550 m/h while recording all Dipole Shear Sonic Imager 
(DSI) modes (monopole compressional, upper dipole shear, lower 
dipole shear, and Stoneley) and the second at 520 m/h while record-
ing only standard DSI modes (crossed dipole, Stoneley, and mono-
pole compressional). The FMS-sonic tool string was retrieved to the 
rig floor and rigged down by 0315 h on 18 April.

The second deployment of the triple combo tool string with the 
radioactive gamma ray source constituted the third logging run in 
Hole U1456C. The tool string was lowered into the hole at 0445 h 
on 18 April. A downlog proceeded at a speed of ~550 m/h to a total 
depth of ~465 m WSF. The hole was logged upward at a speed of 
~550 m/h, recording data from ~465 m WSF uphole in three passes. 
The tool string was recovered to the rig floor at 1150 h on 18 April.

Sea state was relatively calm for the duration of logging opera-
tions. There was an average heave of 0.5 to 0.75 m (peak to peak). 
All logging operations in Hole U1456C were completed by 1300 h 
on 18 April.

Data processing and quality assessment
The Borehole Research Group of Lamont-Doherty Earth Obser-

vatory (LDEO) provided processed depths for the logs. This in-
cludes a depth shift to the seafloor and depth matching between 
passes leading to the WMSF depth scale. The triple combo main 
pass identified the seafloor at 3649.2 m water depth based on a shift 
in gamma ray values from the main pass of the FMS-sonic tool 
string, which was first shifted to the seafloor (3646 m wireline depth 
below rig floor). All other logs have been depth-matched to this 
gamma ray log.

The quality of the downhole logs was affected by variations in 
borehole diameter, estimated by the hydraulic caliper on the Hostile 
Environment Litho-Density Sonde (HLDS) and by the FMS calipers 
(Figures F51, F52, F53). The caliper logs show an irregular shape 
through much of the open borehole. Borehole diameter was en-
larged >38 cm (15 inches) in the uppermost 204 m (purple shading 
in Figures F51, F53) but decreased to 33–36 cm (13–14 inches) be-
low 204 m WMSF and was mostly in-gauge between ~370 and 425 
m WMSF. All tool strings deployed in Hole U1456C reached the to-
tal depth of the drilled hole without any issues.

As a result of varying borehole conditions associated with rug-
osity and borehole diameter, logging data vary in quality, particu-
larly for those that require eccentralization and good contact with 
the borehole wall (density, porosity, and FMS). In general, gamma 
ray, resistivity, magnetic susceptibility, and P-wave velocity values 
were the measurements least affected by the variable hole diameter. 
Features in gamma ray data associated with very wide or very nar-
row borehole diameters should be treated with caution; fewer 
gamma rays reach the detector in a wider borehole and more reach 
the detector where the borehole is narrower. Density and porosity 
were affected at points within Hole U1456C where density values 
approached water density and anomalously high porosity (close to 
100%; blue shaded intervals in Figure F51). Magnetic susceptibility 
logs show reasonable responses throughout the borehole with no 
significant downhole temperature drift in Hole U1456C (Figures 
F51, F53).

The quality of the logs can also be assessed by comparison with 
measurements made on cores from the same site (Figure F51). Den-
sity and porosity logs were acquired in three separate passes, but no 
single pass covered the entire open hole interval due to loss of com-
munication with the tool string during the main pass. Porosity and 
density measurements are plotted from a combination or splice of 
Passes 2 and 3 and show generally very good correspondence with 
the core-based MAD data (Figure F51). Some intervals, however, 
show elevated porosity values from the logs compared to discrete 
measurements (e.g., above 140 m WMSF and below 370 m WMSF). 
Magnetic susceptibility logs also show good correlation with data 
from cores, and measurements were repeatable between the down-
log and uplog passes of the triple combo tool string (Run 1; data not 
shown). Total natural gamma radiation (HSGR) values from the tri-
ple combo tool string show generally good agreement with total 
NGR core data (Figure F53).

FMS data quality relies on a number of factors, including an in-
gauge hole, smooth borehole walls, and good contact between the 
tool’s pads and the borehole wall. Processing of the FMS image data 
allows a speed correction to be applied that takes into account vari-

Figure F50. Logging operations summary diagram showing wireline depths 
reached during different logging passes and borehole depth.
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ations in the speed of the tool, including stick and slip, measured by 
the General Purpose Inclinometry Tool (GPIT) incorporated into 
the tool string. Two processing methods were applied to the speed-
corrected images. Static processing normalizes the entire measured 
resistivity range for the full depth of the borehole to allow for assess-
ment of large-scale resistivity variations. Dynamic processing re-
scales the color intensity over a sliding 2 m depth window to high-
light local features. Detailed data processing was carried out by 
LDEO.

Despite borehole conditions, FMS images are generally of good 
quality, with the pads making contact with the borehole walls 
through much of the logged interval. However, the FMS resistivity 
images also show poor contact with the borehole wall in the wide, 
washed-out intervals of the logged section (seen as darker bands 
that correspond to large-diameter intervals) and what may be inad-
equate compensation for downhole tool motion (evidenced by 
blurry images).

The sonic tool acoustic velocities are generally of good quality, 
with the exception of the shear velocities acquired in the first uplog. 

Additional processing of the sonic waveforms may improve the data 
quality.

Logging stratigraphy
Downhole logging data for Hole U1456C are summarized in 

Figures F51, F52, and F53. The logged interval is divided into three 
logging units, primarily on the basis of gamma radiation, density, 
magnetic susceptibility, sonic logs, hole conditions, and lithology.

Logging Unit 1: base of drill pipe (81 m WMSF) to 132 m WMSF
Logging Unit 1 is characterized by high porosity, averaging 70%. 

Total gamma ray, density, and resistivity values are relatively low, av-
eraging ~60 gAPI, 1.7 g/cm3, and 1.4 Ωm, respectively. Magnetic 
susceptibility exhibits some high-frequency variations, varying be-
tween –3500 and –2000 (uncalibrated units), with two peaks up to 
–1500. P-wave (compressional) velocity is between 1.5 and 1.6 km/s 
with traveltime (Δt) between 185 and 205 μs/ft. This logging unit 
corresponds to lithologic Unit I (see Lithostratigraphy), but the 
base is defined ~12 m deeper based on the responses seen in the 

Figure F51. Summary of logs from the triple combo and FMS-sonic tool strings with lithologic and logging units. Note that the downhole logs are on the 
logging depth scale, whereas MAD discrete samples, PWC, and core recovery data are on the core depth scale. There are small depth shifts between the two 
depth scales, usually <2 m in amplitude. Hole diameter was measured by the hydraulic caliper on the HLDS. Core data: solid circles = Hole U1456A, open circles 
= Hole U1456C. RT = “true” resistivity modeled from all depths. Gray shaded area indicates portion of borehole behind the drill pipe. Purple shaded area indi-
cates enlarged borehole conditions. Yellow shaded bar indicates interval of uniform high resistivity. Blue shaded lines indicate logs that are influenced by 
washed out intervals. Arrows highlight peaks in magnetic susceptibility.
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logging measurements that clearly define the beginning of coarser 
grain sized sediment in logging Unit 2 (Figure F51).

Logging Unit 2: 132–368 m WMSF
At the top of logging Unit 2, total gamma ray, density, and resis-

tivity values increase to levels averaging ~80 gAPI, 2.0 g/cm3, and 
1.5 Ωm, respectively. Porosity decreases to an average of 48%. These 
properties exhibit regular fluctuations (Figure F51). Spikes in po-
rosity to high values (>80%) and density measurements to low val-
ues (near that of water) are evident and are the result of poor 
borehole conditions (blue boxes in Figure F51). Magnetic suscepti-
bility varies between –3500 and –2500, with peak values of –2000, 
but much higher peak values of –500 occur at ~240 and ~310 m 
WMSF (arrows on Figure F51). These peaks correlate well with core 
magnetic susceptibility data and correspond to an interval of dark 
sand with silt and graded bedding with common lithic grains and 
heavy minerals in Section 355-U1456A-37F-1 and a nannofossil-
rich clay with silt showing some bioturbation and color banding 
with common iron (hydr)oxides in Section 53F-1. P-wave velocity 
increases from 1.5 to 2.0 km/s with peaks of >2.2 km/s, equivalent 
to Δt of 130–200 μs/ft. An increase in sonic velocity reflects com-
paction with depth. Mudcake was observed over some intervals, in-
dicative of permeable zones. This logging unit corresponds to 
lithologic Unit II (see Lithostratigraphy), which is dominated by 
sands and silts.

Logging Unit 3: 368–460 m WMSF
This section of the hole is primarily in-gauge except at the bot-

tom of the hole (>425 m WMSF), which has a larger diameter. The 
characteristics are somewhat more uniform within this unit. Resis-
tivities and densities are similar to those seen in logging Unit 2, av-
eraging ~1.5 Ωm and 2.0 g/cm3, respectively. Porosities continue to 
decrease to an average of 43% (Figure F51). Total gamma ray values 

decrease to an average of 40 gAPI, with a resolvable increase in ura-
nium content (Figure F53). Magnetic susceptibilities decrease to an 
average of approximately –4000. P-wave velocity is between 1.8 and 
2.2 km/s with Δt of 150–175 μs/ft. The largest single resistive unit is 
found in this logging unit between 408 and 425 m WMSF, as seen in 
the FMS logs, and corresponding to a particularly uniform interval 
of claystone (yellow shaded box in Figure F51). This logging unit 
corresponds to part of lithologic Unit III (see Lithostratigraphy), 
which comprises primarily claystone.

FMS images
Despite the variability in borehole size and the presence of 

washed-out intervals, the FMS resistivity images reveal some local 
transitions between alternating resistive and conductive intervals at 
the meter to submeter scale not obviously apparent in the depth 
matched cores (Figure F52). These alternations may reflect changes 
in sediment electrical properties related to subtle changes in litho-
logy, for example claystone interbedded with claystone with nanno-
fossils (see Lithostratigraphy). A transition from interbedded 
nannofossil-rich claystone with abundant burrows at 408 WMSF to 
claystone with higher gamma radiation, bulk density, and resistivity 
and lower porosity below can clearly be seen in logging Unit 3 (Fig-
ure F52). This higher resistivity claystone has particularly uniform 
characteristics within all logs (yellow shaded box in Figure F51).

Downhole temperature and heat flow
Three downhole temperature measurements were conducted 

using the APCT-3 during coring in Hole U1456A. An exponential 
decrease in temperature is expected for the time interval high-
lighted in Figure F54 (between 210 and 540 s after penetration) and 
was used to estimate ambient temperature. The data yielded values 
from 6.01°C at 62.5 m DSF to 9.25°C at 118.5 m DSF (Figure F54), 
giving a geothermal gradient of 57°C/km for the upper ~120 m DSF 

Figure F52. FMS images from 402–417 m WMSF in Hole U1456C and corresponding logs that show a transition from a layered to more massive interval below 
within the claystone in logging Unit 3. Core images and graphic lithology (see Figure F6 in the Expedition 355 methods chapter [Pandey et al., 2016a] for 
legend) is from Hole U1456A with corresponding CSF-A depths correlated to WMSF using gamma radiation and magnetic susceptibility. High resistivity is 
apparent as brighter colors in the static normalization FMS image.
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shown in Figure F55. Bottom water temperature was determined to 
be 1.80°C.

We estimated a thermal conductivity profile (resolution ~10 m) 
using laboratory-determined thermal conductivity data (see Physi-
cal properties in the Expedition 355 methods chapter [Pandey et 
al., 2016a]). Thermal resistance was calculated using the “average 
approach” outlined in Pribnow et al. (2000) using an average ther-
mal conductivity of 1.0 W/(m·K) measured in the upper 120 mbsf 
(Figure F55). The slope of the linear fit between temperature and 
thermal resistance indicates heat flow of 57 mW/m2 (Pribnow et al., 
2000). This estimate of heat flow is equivalent to 84 Ma ocean crust 
according to the model of Stein and Stein (1992), slightly older than 
the anticipated age of Laxmi Basin at ~65 Ma (Bhattacharya et al., 
1994). Using the calculated heat flow value and the higher average 
thermal conductivity measured deeper than 120 m DSF (average 1.6 
W/[m·K]), a geothermal gradient of 35°C/km is calculated for 
depths between 120 and 1000 m DSF.

Figure F53. Downhole logs dependent on the geochemistry and mineralogy of the formation. Small dots are NGR data from core measurements. Note that the 
downhole logs are on the logging depth scale, whereas core recovery and NGR data are on the core depth scale. Purple shaded area indicates enlarged bore-
hole conditions.
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Figure F54. APCT-3 temperature-time series, Hole U1456A. Unshaded area 
indicates time interval over which there is an exponential decrease in tem-
perature. Open circles at right indicate extrapolated formation temperatures 
for three cores.

–200 0 200 400 600 800 1000
0

5

10

15

0

5

10

15

Time from penetration (s)

A
P

C
T

-3
 te

m
pe

ra
tu

re
 (

°C
)

7H 

10H 

13H

Seabed temperature

Frictional heating

Tool extraction

E
xt

ra
po

la
te

d 
fo

rm
at

io
n 

te
m

pe
ra

tu
re

s 
(°

C
)

10H 

  7H 

13H 
IODP Proceedings 57 Volume 355



D.K. Pandey et al. Site U1456
Figure F55. Plots of heat flow calculations, Hole U1456A. A. Sediment tem-
perature. B. Thermal conductivity data with calculated thermal resistance 
(solid green line). Shaded area indicates region over which heat flow was cal-
culated. Gray line indicates average thermal conductivity values used for cal-
culations. C. Bullard plot of heat flow calculated from a linear fit of the 
temperature data.
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