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 Background and objectives
Site U1478 is located in the northernmost Natal Valley, on the 

Inharrime Terrace (25°49.26′S; 34°46.14′E), ~75 nmi east of the 
Limpopo River (Figures F1, F2) at a water depth of 488 m below sea 
level (mbsl).

The region is characterized by a distinct indentation of the con-
tinental margin (Figure F2), named Delagoa Bight (Lamont et al., 
2010), into which the Limpopo River, the second largest eastward-
draining river in Africa, deposits sediment. Located just south of 
the Mozambique Channel, the Delagoa Bight is influenced by the 
southward-flowing waters that have traveled through the Mozam-
bique Channel as well as those coming from the southern tip of 
Madagascar by way of the East Madagascar Current (Lutjeharms, 
2006), the confluence of which forms the Agulhas Current (Figure 
F1). Various studies (e.g., Harris, 1972; Lutjeharms, 1976, 1981; 
Sætre and Jorge da Silva, 1984; Martin, 1981a, 1981b; Lutjeharms 
and Jorge da Silva, 1988; Lamont et al., 2010) demonstrate that the 
broad Inharrime Terrace (Figure F2) provides a suitable configura-
tion for the formation of a topographically constrained mesoscale 
circulation, the Delagoa Bight lee eddy, forced by the rapid flow of 
water past the Bight. The Delagoa Bight lee eddy, typically centered 
around 26°S, 34°E (Lutjeharms and da Silva, 1988; Lutjeharms, 
2006b; Lamont et al., 2010) (Figures F2, F3), can reach a diameter of 
~180 km (Lutjeharms and da Silva, 1988) and involves transport of 

~18 Sv (Lutjeharms, 2006). Whereas Lutjeharms and da Silva (1988) 
suggested that the Delagoa Bight lee eddy was a quasi-permanent 
feature, recent observations by Lamont et al. (2010) have shown it to 
be more transient. Cyclonic eddies typically drive upwelling cells 
that inject nutrients into the surface water and are consequently of-
ten associated with enhanced of oceanic primary productivity (Mc-
Gillicuddy and Robinson, 1997). Hydrographic observations by 
Lutjeharms and da Silva (1988) demonstrated upwelling from as 
deep as 900 mbsl occurring in the center of the Delagoa Bight lee 
eddy. Increased phytoplankton biomass is found to be coincident 
with cooler water in the northeastern region of the Delagoa Bight 
(Barlow et al., 2008; Lamont et al., 2010) (Figure F3). Satellite-de-
rived chlorophyll measurements suggest that hydrographic condi-
tions are the primary control of the variations in phytoplankton 
biomass and primary production in the bight (Kyewalyanga et al., 
2007).

On the basis of seismo-acoustic data, the offshore physiographic 
characteristics of the Limpopo region have been divided into two 
major provinces (Figure F2): the Limpopo Cone and the Inharrime 
Terrace (Dingle et al., 1978; Martin, 1981b; Martin et al., 1982). The 
300 km long Limpopo Cone extends south from the Limpopo River 
mouth (Martin, 1981b), and its upper reaches form a gently sloping 
terrace between 400 and 600 mbsl, with a shallow smooth-floored 
valley extending along its entire western side (Dingle et al., 1978). To 
the west, the Limpopo Cone merges with the continental slope off 
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Maputo Bay, whereas in the east it combines with Inharrime Ter-
race, a curvilinear sedimentary feature composed of several 
mounded drift sequences that result from the interplay between the 
Mozambique Channel throughflow and the Delagoa Bight lee eddy 
(Preu et al., 2011).

Modern sedimentation on the Limpopo Cone and Inharrime 
Terrace is mainly controlled by the regional current regime. Martin 
(1981a) suggested the eastern slope of Inharrime Terrace is under 
the influence of the southward-flowing Mozambique Channel 
throughflow (newly formed Agulhas Current), and associated up-
welling, which is strongest in the shallowest reaches of the terrace. 
In contrast, deposition on the western part of Inharrime Terrace 
and the Limpopo Cone is mainly controlled by the strong coastal 
countercurrent that is formed on the shelf off northern Natal and in 
Maputo Bay (Gründlingh, 1977) associated with the Delagoa Bight 
lee eddy. Sediment delivered by the Limpopo River (and Maputo 
River) is swept northeastward along the shelf, resulting in low mod-
ern accumulation rates at the central Limpopo Cone (Martin, 
1981a, 1981b).

The Limpopo River catchment is considerably smaller than the 
neighboring Zambezi River catchment, spanning a little over 
410,000 km2. The Limpopo River has as mean annual discharge of 
~170 m3/s and delivers an annual sediment load of 33 Mt/y (Milli-
man and Meade, 1983) to Delagoa Bight. A larger portion of the 

catchment encompasses the low-lying eastern coastal plain, which 
comprises about two-thirds of the land area of the catchment, 
whereas the Waterberg Massif and Soutpansberg Mountains are the 
highest topographic features in the catchment (not shown). The 
catchment lies in the transition between tropical and subtropical 
climate, just south of the subtropical ridge between the southern 
Hadley and the Ferrel cell (Tyson and Preston-Whyte, 2000), and 
therefore climate varies spatially from relatively arid in the west, 
through temperate conditions in the central zones, to semi-arid en-
vironments in the east, with average annual precipitation ranging 
from 1400 mm in the mountains to 600 mm in the lowlands 
(Boroto, 2001). During most of the year, surface airflow is from the 
southwest Indian Ocean and is stronger during the austral summer 
months (November–March) when most rain falls. Vegetation is also 
varied and has been divided into five different phytogeographical 
provinces (Dupont et al., 2011). The suitability of the region to yield 
valuable evidence of how southern African climate and vegetation 
changed through the Pleistocene glacial–interglacial cycles has re-
cently been demonstrated using marine sediment Core MD96-2048 
retrieved from 660 mbsl on the upper continental slope 120 km 
south of the mouth of the Limpopo River (Figure F4) (Dupont et al., 
2011). During interglacial intervals, the pollen evidence for vegeta-
tion of eastern South Africa and southern Mozambique is domi-
nated by evergreen and deciduous forests species. In contrast, 
during glacial intervals pollen from open mountainous scrubland 
dominates the assemblage. These data suggest that mountainous 
Podocarpus forest and woodlands expanded during cool and humid 
intermediate periods associated with the influence of Southern 
Hemisphere summer insolation (at 30°S) on regional temperatures. 
A close correlation with the sea-surface temperature (SST)-stack 
from the same core (Caley et al., 2011) suggests strong coupling be-
tween the expansion–contractions of mountainous scrubland and 
cold–warm SST variability in the Agulhas Current.

Figure F1. Location map of Site U1478 with main surface currents (arrows) in 
the southwest Indian Ocean and atmospheric circulation over southern 
Africa during austral summer (December, January, February) with approxi-
mate position of the Intertropical Convergence Zone (ITCZ) and Congo Air 
Boundary (CAB) (dashed lines; adapted from Reason et al., 2006). AL = Agul-
has Leakage, AC = Agulhas Current, SEC = South Equatorial Current, SEMC = 
South East Madagascar Current, NEMC = North East Madagascar Current, 
EACC = East Africa Coastal Current, TB = Transkei Basin, ARC = Agulhas 
Return Current. Purple shading = Zambezi Catchment, green shading = Lim-
popo Catchment, gray double-headed arrows = main pathways of moisture 
supply to the African continent from the northwest Atlantic (through 
Congo) and the northwest and southwest Indian Ocean. 
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Figure F2. Geomorphologic and oceanographic features near Site U1478, 
Delagoa Bight, northern Natal Valley. The Limpopo Catchment is indicated 
by the lighter green shaded area along with the main course of the Limpopo 
River. Black dotted arrows = slope-parallel coastal current, red arrow = Dela-
goa Bight Lee Eddy (DBLE), yellow arrows = main surface currents. 
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The Site U1478 primary objectives are to:

• Recover a complete high-resolution sedimentary succession that 
spans the last 2 my, including the mid-Pleistocene transition, 
from the Mozambique margin close to the Limpopo River;

• Generate a high-resolution Pleistocene profile of southern Afri-
can continental climate changes on orbital and suborbital time-
scales;

• Establish linking between southern African terrestrial climates 
and southwest Indian Ocean heat budgets, notably warm-water 
transports along the southeast African margin and associated 
ocean-atmosphere heat and moisture transfer;

• Examine the relationship between such climate variability and 
early human evolution; and

• Reconstruct upstream control on Agulhas leakage through 
headwater variability (Mozambique Current) during periods of 
orbitally modulated and suborbitally accelerated climate 
changes.

Specific questions that will be addressed include the following: 
Did the long-term climatic developments of the Pleistocene alter 
the atmospheric circulation and rainfall patterns over southeast Af-
rica, inducing far-field responses to East African uplift, monsoon 
dynamics, and migration of the Intertropical Convergence Zone 
(ITCZ) (Johnson et al., 2011; Schefuß et al., 2011; Trauth et al., 
2009)? Did variable Agulhas Current warm-water transports con-
tribute to and modulate the impacts of shifting air boundaries and 
rainfall patterns over southeast Africa and possibly offset these pat-
terns from those over southwest Africa and the Namib (Dupont et 
al., 2005, 2011; Maslin et al., 2012)?

The regional seismic-stratigraphic analysis of Preu et al. (2011), 
reporting Expedition 361 site survey data (Figures F5, F6, F7, F8) 
collected during R/V Meteor Cruises M63/1 in 2005 and M75/3, 
identifies four major reflectors within Inharrime Terrace. All of 
these reflectors represent regional unconformities or facies changes 
(Figure F5). Reflector L (blue; may have developed in the Pliocene 

Figure F3. Selected maps of SeaWiFS chlorophyll-a (Chl a) concentration and NOAA AVHRR sea-surface temperature (SST) during May and June 2004 with a 
drifter track depicted in black (from Lamont et al., 2010). The leading edge of the track is depicted in red.
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Figure F4. Multiproxy records from marine sediment Core MD96-2048 
adapted from Dupont et al. (2011). A. Stable oxygen isotopes of benthic for-
aminifers (Caley et al., 2011). MIS = marine isotope stage, VPDB = Vienna 
Peedee belemnite. B. Cumulative end-member abundance (EM1 = rather 
humid mountainous Podocarpus forest, EM2 = open mountain vegetation 
[ericaceous shrubs], EM3 = combined pollen taxa from woodland and forest 
with those of coastal vegetation) (Dupont et al., 2011). C. Summary pollen 
diagram from Dupont et al. (2011). D. Sea-surface temperature (Caley et al., 
2011). E. Pollen concentration (Dupont et al., 2011).

S
S

T
(°

C
)

I II III IV Termination
MIS1 2 3 4 5 6 7 8 9

δ1
8 O

b
e

nt
h

ic
V

P
D

B
 (

‰
)

1.2

2.0

2.8

1
0.8

0.6
0.4

0.2
0

80
60
40
20

0A
bu

nd
an

ce
(%

)

27

26

25

24

4000

2000

0

To
ta

l p
o

lle
n

(p
ol

le
n

/m
L)

0 100 200 300
Age (ka)

N
or

m
al

iz
e

d 
cu

m
ul

at
iv

e
en

d
-m

em
b

er
 a

bu
nd

an
ce

EM2

EM1

EM3

Mountain/fynbos
Asteroideae pp. 
Riparian/swamps
Podocarpus
Poaceae
Forest/woodland
Coastal/halophil/
mangrove

A

E

D

B

C

IODP Proceedings 3 Volume 361



I.R. Hall et al. Site U1478
as the result of full establishment of the Mozambique Current), 
Jimmy (yellow; may be associated with the development of the Mo-
zambique Channel in the middle Miocene), Angus (red; late Oligo-
cene/early Miocene hiatus), and McDuff (green; Cenomanian/
Turonian boundary) were named and interpreted in previous stud-
ies by Dingle et al. (1978) and Martin (1981b). Distinct lateral varia-

tions in thickness and reflector spacing can be seen, in particular 
within the youngest unit. The mounded shape and internal reflector 
geometries clearly indicate a contourite origin. Also, in deeper units 
these characteristics are observed in conjunction with lateral depo-
center shifts. Site U1478 is situated in the center of the most recent 
contourite drift body deposited under the influence of the eddy-
dominated water flow through the Mozambique Channel. The drift 
body displays packages of parallel and laterally continuous subsea-
floor reflectors (Figures F7, F8).

Site U1478 was occupied on 16 March 2016. Four holes were 
drilled and cored using the full-length advanced piston corer (APC), 
achieving a depth of 248.4 m drilling depth below seafloor (DSF) in 
Hole U1476A. The total cored interval at Site U1478 was 698.9 m, 
and total recovery was 708.66 m (101%).

Figure F5. Seismic Line M753-Geob08-230 across Site U1478. Reflectors 
identified from Preu et al. (2011). SP = shot point. 
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Figure F7. Seismic Line M753-Geob08-230 at Site U1478. 
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Figure F6. Seismic tracks and bathymetry at the Inharrime Terrace. Seismic 
lines shown with common depth point annotation. 
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Operations
Transit to Site U1478

After a 422 nmi transit from Site U1477, the vessel arrived at 
proposed Site LIM-01B (Site U1478) at 2215 h on 16 March 2016. 
The thrusters lowered at 2215 h, and a positioning beacon was de-
ployed at 2315 h. The vessel stabilized over the site coordinates at 
2324 h, starting the site and Hole U1478A.

Site U1478
Site U1478 consisted of 4 holes, ranging in depth from 216.0 to 

248.4 m DSF (Table T1). Overall, 119 cores were recorded for the 
site. A total of 708.66 m of core over a 698.9 m interval was recov-
ered using the APC system (101% core recovery). The HLAPC re-
covered 213.44 m of sediment over a 206.8 m interval (103% core 
recovery). Nine intervals were advanced without coring over 54.3 
m. Overall, at total of 922.1 m of core was retrieved from a 905.7 m 
cored interval at Site U1478 (102% core recovery). The total time 
spent at Site U1478 was 2.7 days.

Hole U1478A
An APC/extended core barrel bottom-hole assembly was made 

up, and the drill string was deployed to 484.3 mbsl. Hole U1478A 
was spudded at 0320 h on 17 March 2016. The APC system was 
used on Cores 361-U1478A-1H through 21H (0–196.7 m DSF). The 
half-length APC (HLAPC) was then deployed after significant over-
pull (70,000 lb) was recorded while removing Core 21H, and Cores 
22F through 32F (196.7–248.4 m DSF) were retrieved.

The APC system was deployed 21 times over a 196.7 m interval, 
with a recovery of 202.22 m (102.8% recovery). The HLAPC was de-
ployed 11 times over a 51.7 m interval, with a recovery of 54.74 m 
(105.9% recovery). A total of 256.96 m of sediment was recovered 
over a 248.4 m cored interval in Hole U1478A (103% recovery). The 
drill pipe was pulled from the hole and the bit cleared the seafloor at 
1805 h on 17 March, ending Hole U1478A.

Hole U1478B
The vessel was offset 20 m north of Hole U1478A, and Hole 

U1478B was spudded at 1840 h on 17 March. Hole U1478B was 
drilled without recovery from 0 to 1.0 m DSF to ensure offset coring 
gaps between Holes U1478A and U1478B. The APC system was 
used on Cores 361-U1478B-2H through 19H (1.0–172.0 m DSF), 
and the HLAPC was deployed for Cores 20F and 21F (172.0–181.4 
m DSF). The coring system was switched back to the APC for Core 
22H, which recorded a partial stroke. The HLAPC was used for the 
remaining cores in Hole U1478B (Cores 23F through 34F). After 
reaching 247.3 m DSF, the drill string was pulled from the hole, and 
operations in Hole U1478B ended with the bit clearing the seafloor 
at 1015 h on 18 March.

The APC was used for a total of 19 cores over a cored interval of 
180.5 m with a recovery of 180.31 m (100% recovery). The HLAPC 

was used for 14 cores over a 65.8 m interval with a recovery of 66.54 
m (101% recovery). A total of 246.85 m of core was recovered over a 
246.3 m cored interval at Hole U1478B with 100% core recovery. 
Each core section from 0 to 150 m CSF-A was sampled for intersti-
tial water for postcruise research.

Hole U1478C
The vessel was moved 20 m east of Hole U1478A, and Hole 

U1478C was spudded at 1110 h on 18 March. The hole was washed 
down without recovery to 3.0 m DSF in order to offset coring gaps 
between holes for stratigraphic correlation. APC coring continued 
for Cores 361-U1478C-3H through 21H (3.0–178.5 m DSF). Inter-
val 361-U1478C-202 was drilled without recovery from 164.5 to 
169.0 m DSF. The HLAPC was deployed for Cores 21F through 38F 
(178.5–248.3 m DSF). Within the HLAPC cored section, three in-
tervals were drilled without coring over a total of 4.0 m. After com-
pleting coring operations, the drill string was pulled from the hole, 
with the bit clearing the seafloor at 0219 h on 19 March.

The APC system was deployed for a total of 19 cores over an in-
terval of 172.5 m with a recovery of 173.25 m (100% recovery). The 
HLAPC was deployed for 14 cores over a 65.8 m interval with a re-
covery of 69.07 m (105% recovery). A total of 238.3 m of core was 
recovered over a 248.3 m cored interval (102% recovery). There 
were a total of five intervals drilled without coring covering a total 
of 10 m.

Hole U1478D
The vessel was offset 20 m south of Hole U1478A, and Hole 

U1478D was spudded at 0310 h on 19 March. Core 361-U1478D-
1H recovered 6.7 m of sediment, and the seafloor was estimated at 
490.7 mbsl. Hole U1478D was drilled without recovery from 6.7 to 
8.7 m DSF to offset coring gaps for stratigraphic correlation. The 
APC system was deployed for Cores 3H through 17H (8.7–151.2 m 
DSF). A center bit was installed, and the hole was drilled without 
recovery over 39.3 m (151.2–190.5 m DSF) to target gaps in the 
stratigraphy. The HLAPC was deployed for Cores 19F and 20F 
(190.5–199.9 m DSF). The drill string was then advanced without 
recovery 2.0 m and Cores 22F through 24F (201.9–211.3 m DSF) 
were retrieved.

The APC system was deployed for 16 cores over 149.2 m with a 
recovery of 152.88 m (102.5% recovery). The HLAPC system was 
deployed for 5 cores over a 23.5 m interval with 23.09 m recovered 
(98.3%). A total of 175.97 m of core was recovered over a 172.7 m 
cored section (102% core recovery). There were 3 intervals drilled 
without coring for covering a total of 43.3 m.

After completing coring operations in Hole U1478D, the drill 
string was pulled from the hole. The bit cleared the seafloor at 1350 
h on 19 March and the rig floor at 1540 h. The rig floor was secured 
for transit, and the vessel began the transit to Site U1479 at 1630 h, 
ending Site U1478. 
IODP Proceedings 5 Volume 361
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Table T1. Site U1478 core summary. DRF = drilling depth below rig floor, DSF = drilling depth below seafloor, CSF = core depth below seafloor. H = APC core, F 
= HLAPC core, numeric core type = drilled interval. (Continued on next two pages.) Download table in .csv format. 

Hole U1478A Hole U1478B
Latitude: 25°49.2600′S Latitude: 25°49.2500′S
Longitude: 34°46.1593′E Longitude: 34°46.1589′E
Time on hole (h): 19.25 Time on hole (h): 16.25
Seafloor (drill pipe measurement below rig floor, m DRF): 499.2 Seafloor (drill pipe measurement below rig floor, m DRF): 499.2
Distance between rig floor and sea level (m): 11.3 Distance between rig floor and sea level (m): 11.3
Water depth (drill pipe measurement from sea level, mbsl): 487.9 Water depth (drill pipe measurement from sea level, mbsl): 487.9
Total penetration (drilling depth below seafloor, m DSF): 248.4 Total penetration (drilling depth below seafloor, m DSF): 247.3
Total length of cored section (m): 248.4 Total length of cored section (m): 246.3
Total core recovered (m): 256.96 Total core recovered (m): 246.85
Core recovery (%): 103 Core recovery (%): 100
Total number of cores: 32 Total number of cores: 33

Hole U1478C Hole U1478D
Latitude: 25°49.2604′S Latitude: 25°49.2706′S
Longitude: 34°46.1705′E Longitude: 34°46.1592′E
Time on hole (h): 16.0 Time on hole (h): 14.25
Seafloor (drill pipe measurement below rig floor, m DRF): 501.2 Seafloor (drill pipe measurement below rig floor, m DRF): 502.0
Distance between rig floor and sea level (m): 11.3 Distance between rig floor and sea level (m): 11.3
Water depth (drill pipe measurement from sea level, mbsl): 489.9 Water depth (drill pipe measurement from sea level, mbsl): 490.7
Total penetration (drilling depth below seafloor, m DSF): 248.3 Total penetration (drilling depth below seafloor, m DSF): 216.0
Total length of cored section (m): 238.3 Total length of cored section (m): 172.7
Total core recovered (m): 242.32 Total core recovered (m): 175.97
Core recovery (%): 102 Core recovery (%): 102
Total number of cores: 33 Total number of cores: 21

Core
Date

(2016)
Time UTC

(h)

Depth DSF (m)

Interval
advanced

(m)

Depth CSF (m) Length of
core

recovered
(m)

Recovery
(%)

Sections
(N)

Top of
cored

interval

Bottom of
cored

interval

Top of 
cored

interval

Bottom of 
cored

interval

361-U1478A-
1H 17 Mar 0125 0.0 6.7 6.7 0.0 6.67 6.67 100 6
2H 17 Mar 0155 6.7 16.2 9.5 6.7 15.93 9.23 97 8
3H 17 Mar 0220 16.2 25.7 9.5 16.2 26.06 9.86 104 8
4H 17 Mar 0245 25.7 35.2 9.5 25.7 35.59 9.89 104 8
5H 17 Mar 0305 35.2 44.7 9.5 35.2 44.93 9.73 102 8
6H 17 Mar 0335 44.7 54.2 9.5 44.7 54.57 9.87 104 8
7H 17 Mar 0355 54.2 63.7 9.5 54.2 64.02 9.82 103 8
8H 17 Mar 0420 63.7 73.2 9.5 63.7 73.61 9.91 104 8
9H 17 Mar 0445 73.2 82.7 9.5 73.2 83.08 9.88 104 8
10H 17 Mar 0510 82.7 92.2 9.5 82.7 92.76 10.06 106 8
11H 17 Mar 0530 92.2 101.7 9.5 92.2 102.17 9.97 105 8
12H 17 Mar 0555 101.7 111.2 9.5 101.7 111.44 9.74 103 8
13H 17 Mar 0620 111.2 120.7 9.5 111.2 121.22 10.02 105 8
14H 17 Mar 0645 120.7 130.2 9.5 120.7 130.82 10.12 107 8
15H 17 Mar 0710 130.2 139.7 9.5 130.2 139.45 9.25 97 7
16H 17 Mar 0735 139.7 149.2 9.5 139.7 149.63 9.93 105 8
17H 17 Mar 0800 149.2 158.7 9.5 149.2 159.10 9.90 104 8
18H 17 Mar 0825 158.7 168.2 9.5 158.7 168.45 9.75 103 8
19H 17 Mar 0850 168.2 177.7 9.5 168.2 177.72 9.52 100 8
20H 17 Mar 0925 177.7 187.2 9.5 177.7 187.78 10.08 106 8
21H 17 Mar 0950 187.2 196.7 9.5 187.2 196.22 9.02 95 7
22F 17 Mar 1040 196.7 201.4 4.7 196.7 201.70 5.00 106 5
23F 17 Mar 1100 201.4 206.1 4.7 201.4 206.59 5.19 110 5
24F 17 Mar 1125 206.1 210.8 4.7 206.1 211.07 4.97 106 5
25F 17 Mar 1145 210.8 215.5 4.7 210.8 215.70 4.90 104 5
26F 17 Mar 1210 215.5 220.2 4.7 215.5 220.60 5.10 109 5
27F 17 Mar 1230 220.2 224.9 4.7 220.2 225.07 4.87 104 5
28F 17 Mar 1250 224.9 229.6 4.7 224.9 229.44 4.54 97 4
29F 17 Mar 1310 229.6 234.3 4.7 229.6 234.65 5.05 107 5
30F 17 Mar 1335 234.3 239.0 4.7 234.3 239.44 5.00 106 5
31F 17 Mar 1355 239.0 243.7 4.7 239.0 244.18 5.18 110 5
32F 17 Mar 1420 243.7 248.4 4.7 243.7 248.64 4.94 105 5

361-U1478B-
11 17 Mar 1640 *****Drilled interval 0–1.0 m DSF*****
2H 17 Mar 1705 1.0 10.5 9.5 1.0 10.41 9.41 99 8
3H 17 Mar 1730 10.5 20.0 9.5 10.5 19.97 9.47 100 8
4H 17 Mar 1755 20.0 29.5 9.5 20.0 29.78 9.78 103 8
5H 17 Mar 1835 29.5 39.0 9.5 29.5 39.19 9.69 102 8
IODP Proceedings 6 Volume 361



I.R. Hall et al. Site U1478
6H 17 Mar 1905 39.0 48.5 9.5 39.0 48.30 9.30 98 8
7H 17 Mar 1930 48.5 58.0 9.5 48.5 58.29 9.79 103 8
8H 17 Mar 1955 58.0 67.5 9.5 58.0 67.72 9.72 102 8
9H 17 Mar 2020 67.5 77.0 9.5 67.5 77.27 9.77 103 8
10H 17 Mar 2045 77.0 86.5 9.5 77.0 86.72 9.72 102 8
11H 17 Mar 2110 86.5 96.0 9.5 86.5 96.27 9.77 103 8
12H 17 Mar 2140 96.0 105.5 9.5 96.0 105.75 9.75 103 8
13H 17 Mar 2205 105.5 115.0 9.5 105.5 114.92 9.42 99 8
14H 17 Mar 2230 115.0 124.5 9.5 115.0 124.45 9.45 99 8
15H 17 Mar 2255 124.5 134.0 9.5 124.5 133.88 9.38 99 8
16H 17 Mar 2320 134.0 143.5 9.5 134.0 143.68 9.68 102 8
17H 17 Mar 2350 143.5 153.0 9.5 143.5 152.55 9.05 95 7
18H 18 Mar 0015 153.0 162.5 9.5 153.0 162.43 9.43 99 8
19H 18 Mar 0045 162.5 172.0 9.5 162.5 172.25 9.75 103 8
20F 18 Mar 0115 172.0 176.7 4.7 172.0 176.90 4.90 104 5
21F 18 Mar 0140 176.7 181.4 4.7 176.7 181.41 4.68 100 4
22H 18 Mar 0215 181.4 190.9 9.5 181.4 189.38 7.98 84 6
23F 18 Mar 0245 190.9 195.6 4.7 190.9 195.17 4.27 91 4
24F 18 Mar 0335 195.6 200.3 4.7 195.6 200.40 4.80 102 5
25F 18 Mar 0355 200.3 205.0 4.7 200.3 205.23 4.93 105 5
26F 18 Mar 0415 205.0 209.7 4.7 205.0 210.11 5.11 109 5
27F 18 Mar 0430 209.7 214.4 4.7 209.7 214.62 4.92 105 5
28F 18 Mar 0450 214.4 219.1 4.7 214.4 219.26 4.86 103 5
29F 18 Mar 0510 219.1 223.8 4.7 219.1 222.87 3.77 80 4
30F 18 Mar 0530 223.8 228.5 4.7 223.8 228.78 4.98 106 5
31F 18 Mar 0545 228.5 233.2 4.7 228.5 233.55 5.05 107 5
32F 18 Mar 0605 233.2 237.9 4.7 233.2 238.39 5.19 110 5
33F 18 Mar 0625 237.9 242.6 4.7 237.9 242.57 4.67 99 4
34F 18 Mar 0645 242.6 247.3 4.7 242.6 247.01 4.41 94 4

361-U1478C-
1H 18 Mar 0920 0.0 1.5 1.5 0.0 1.54 1.54 103 2
21 18 Mar 0935 *****Drilled interval 1.5–3.0 m DSF*****
3H 18 Mar 0955 3.0 12.5 9.5 3.0 11.41 8.41 89 7
4H 18 Mar 1025 12.5 22.0 9.5 12.5 21.67 9.17 97 7
5H 18 Mar 1045 22.0 31.5 9.5 22.0 29.18 7.18 76 6
6H 18 Mar 1110 31.5 41.0 9.5 31.5 41.18 9.68 102 8
7H 18 Mar 1130 41.0 50.5 9.5 41.0 50.69 9.69 102 8
8H 18 Mar 1150 50.5 60.0 9.5 50.5 60.28 9.78 103 8
9H 18 Mar 1210 60.0 69.5 9.5 60.0 69.81 9.81 103 8
10H 18 Mar 1230 69.5 79.0 9.5 69.5 79.36 9.86 104 8
11H 18 Mar 1250 79.0 88.5 9.5 79.0 88.91 9.91 104 8
12H 18 Mar 1310 88.5 98.0 9.5 88.5 98.40 9.90 104 8
13H 18 Mar 1330 98.0 107.5 9.5 98.0 107.70 9.70 102 8
14H 18 Mar 1350 107.5 117.0 9.5 107.5 117.47 9.97 105 8
15H 18 Mar 1410 117.0 126.5 9.5 117.0 126.86 9.86 104 8
16H 18 Mar 1430 126.5 136.0 9.5 126.5 136.13 9.63 101 8
17H 18 Mar 1450 136.0 145.5 9.5 136.0 145.64 9.64 101 8
18H 18 Mar 1510 145.5 155.0 9.5 145.5 155.51 10.01 105 8
19H 18 Mar 1530 155.0 164.5 9.5 155.0 164.66 9.66 102 8
202 18 Mar 1620 *****Drilled interval 164.5–169.0 m DSF*****
21H 18 Mar 1645 169.0 178.5 9.5 169.0 178.85 9.85 104 8
22F 18 Mar 1705 178.5 183.2 4.7 178.5 183.34 4.84 103 5
23F 18 Mar 1730 183.2 187.9 4.7 183.2 187.74 4.54 97 4
243 18 Mar 1745 *****Drilled interval 187.9–188.9 m DSF*****
25F 18 Mar 1800 188.9 193.6 4.7 188.9 193.62 4.72 100 5
264 18 Mar 1810 *****Drilled interval 193.6–194.6 m DSF*****
27F 18 Mar 1825 194.6 199.3 4.7 194.6 199.25 4.65 99 4
28F 18 Mar 1850 199.3 204.0 4.7 199.3 204.10 4.80 102 5
29F 18 Mar 1910 204.0 208.7 4.7 204.0 209.04 5.04 107 5
30F 18 Mar 1930 208.7 213.4 4.7 208.7 213.84 5.14 109 5
315 18 Mar 1945 *****Drilled interval 213.4–215.4 m DSF*****
32F 18 Mar 1955 215.4 220.1 4.7 215.4 220.44 5.04 107 5
33F 18 Mar 2020 220.1 224.8 4.7 220.1 225.12 5.02 107 5
34F 18 Mar 2040 224.8 229.5 4.7 224.8 229.85 5.05 107 5
35F 18 Mar 2100 229.5 234.2 4.7 229.5 234.51 5.01 107 5
36F 18 Mar 2120 234.2 238.9 4.7 234.2 239.25 5.05 107 5

Core
Date

(2016)
Time UTC

(h)

Depth DSF (m)

Interval
advanced

(m)

Depth CSF (m) Length of
core

recovered
(m)

Recovery
(%)

Sections
(N)

Top of
cored

interval

Bottom of
cored

interval

Top of 
cored

interval

Bottom of 
cored

interval

Table T1 (continued). (Continued on next page.)
IODP Proceedings 7 Volume 361



I.R. Hall et al. Site U1478
Sedimentology
Drilling at Site U1478 recovered a total of ~922 m of sediment 

from four holes (Figures F9, F10; also see Operations). Hole 
U1478A was cored to 248.64 m coring depth below seafloor (CSF-
A), Hole U1478B to 247.01 m CSF-A, Hole U1478C to 248.55 m 
CSF-A, and Hole U1478D to 216.35 m CSF-A. The advanced piston 
corer (APC) system was applied in the uppermost ~190 m CSF-A in 
Hole U1478A, ~170 m CSF-A in Hole U1478B, ~180 m CSF-A in 
Hole U1478C, and ~150 m CSF-A in Hole U1478D. The HLAPC 
was used in the lower parts of all holes. Nine intervals of in total 
54.4 m length were advanced without coring: one interval in Hole 
U1478B (0–1.0 m CSF-A), five intervals in Hole U1478C (1.5–3, 
164.5–169, 187.9–188.9, 193.6 194.6, and 213.4–215.4 m CSF-A), 
and three intervals in Hole U1478D (6.7–8.7, 151.2–190.5, and 
199.9–201.9 m CSF-A). Visual description of all cores was per-
formed and recorded using the shipboard lithostratigraphic DESC-
logik program, which involves visual assessment of average grain 
size, sediment color, sedimentary structures, and bioturbation in-
tensity. Drilling disturbances were also described. Lithologic char-
acteristics were further determined using smear slide analyses, and 
a total of 493 shipboard samples were collected for paleontological, 
physical property, paleomagnetic, and geochemical analyses (Table 
T2).

Lithostratigraphic unit description
Unit I

Intervals: 361-U1478A-1H-1, 0 cm, through 32F-CC, 19 cm;  
361-U1478B-1H-1, 0 cm, through 34F-CC, 31 cm;  

361-U1478C-1H-1, 0 cm, through 38F-CC, 17 cm;  
361-U1478D-1H-1, 0 cm, through 24F-CC, 22 cm

Depths: Hole U1478A = 0–248.64 m CSF-A; Hole U1478B = 0–
247.01m CSF-A; Hole U1478C = 0–248.55 m CSF-A; 
Hole U1478D = 0–216.35 m CSF-A

Age: Pliocene to Holocene

Unit I is composed of dark olive-gray (5Y 3/2) and dark greenish 
gray (GLEY 1 4/10Y) to very dark greenish gray (GLEY 1 3/10Y) 
sand with foraminifers and nannofossils alternating with clayey or 
sandy silt with foraminifers and nannofossils (Figure F11).

Drilling disturbance
The extent of drilling disturbances in the cores from Site U1478 

is minor (Figure F12). Soupy intervals are limited to the uppermost 
sections of some cores, and flow-in disturbance, fragmented sedi-
ment, and voids were occasionally observed.

Lithologies and composition
Smear slide observations show that siliciclastic materials (62% ± 

6% on average) are the principal component of the sediment at Site 
U1478 and the sand fraction is less than 50% (Table T3). Sediment 
grain sizes consist of 33% (±22%) sand on average, 39% (±14%) silt, 
and 28% (±9%) clay. The composition of the terrigenous component 
is dominated by quartz (32% ± 6% on average, Figure F13) and clay 
minerals (11% ± 5%), with common presence of pyrite. Trace 
amounts of dolomite, glauconite, hornblende, plagioclase, and zir-
con were also observed. The composition of the biogenic compo-
nent is dominated by nannofossils (14% ± 6% of the bulk sediment 

37F 18 Mar 2140 238.9 243.6 4.7 238.9 244.12 5.22 111 5
38F 18 Mar 2200 243.6 248.3 4.7 243.6 248.55 4.95 105 5

361-U1478D-
1H 19 Mar 0115 0.0 6.7 6.7 0.0 6.71 6.71 100 6
21 19 Mar 0130 *****Drilled interval 6.7–8.7 m DSF*****
3H 19 Mar 0145 8.7 18.2 9.5 8.7 18.31 9.61 101 8
4H 19 Mar 0205 18.2 27.7 9.5 18.2 28.06 9.86 104 8
5H 19 Mar 0220 27.7 37.2 9.5 27.7 37.41 9.71 102 8
6H 19 Mar 0240 37.2 46.7 9.5 37.2 46.47 9.27 98 8
7H 19 Mar 0300 46.7 56.2 9.5 46.7 56.45 9.75 103 8
8H 19 Mar 0325 56.2 65.7 9.5 56.2 65.93 9.73 102 8
9H 19 Mar 0350 65.7 75.2 9.5 65.7 75.27 9.57 101 8
10H 19 Mar 0405 75.2 84.7 9.5 75.2 85.03 9.83 103 8
11H 19 Mar 0440 84.7 94.2 9.5 84.7 94.34 9.64 101 8
12H 19 Mar 0500 94.2 103.7 9.5 94.2 104.15 9.95 105 8
13H 19 Mar 0515 103.7 113.2 9.5 103.7 113.56 9.86 104 8
14H 19 Mar 0535 113.2 122.7 9.5 113.2 122.98 9.78 103 8
15H 19 Mar 0550 122.7 132.2 9.5 122.7 132.41 9.71 102 8
16H 19 Mar 0610 132.2 141.7 9.5 132.2 142.18 9.98 105 8
17H 19 Mar 0630 141.7 151.2 9.5 141.7 151.62 9.92 104 8
182 19 Mar 0631 *****Drilled interval 151.2–190.5 m DSF*****
19F 19 Mar 0820 190.5 195.2 4.7 190.5 193.64 3.14 67 3
20F 19 Mar 0855 195.2 199.9 4.7 195.2 199.94 4.74 101 4
213 19 Mar 0930 *****Drilled interval 199.9–201.9 m DSF*****
22F 19 Mar 0950 201.9 206.6 4.7 201.9 206.96 5.06 108 5
23F 19 Mar 1010 206.6 211.3 4.7 206.6 211.70 5.10 109 5
24F 19 Mar 1030 211.3 216.0 4.7 211.3 216.35 5.05 107 5

Core
Date

(2016)
Time UTC

(h)

Depth DSF (m)

Interval
advanced

(m)

Depth CSF (m) Length of
core

recovered
(m)

Recovery
(%)

Sections
(N)

Top of
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Bottom of
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interval
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interval
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interval

Table T1 (continued). 
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on average) and foraminifers (13% ± 6% of the bulk sediment on av-
erage).

The average abundance of total biogenic carbonate in the sedi-
ment in Hole U1478A was estimated to be ~36% ± 6% based on 
smear slide descriptions (Table T3). This result is in broad agree-

ment with geochemical analyses (see Geochemistry) with an aver-
age of 28 wt% (range = 16–55 wt%) carbonate content (Figure F14).

An interval of sand-rich foraminifer ooze was observed at 
~170–172 m CSF-A in Holes U1478A (19H-3, 110 cm), U1478B 
(19H-7, 50 cm), and U1478C (21H-1, 130 cm) (Figure F10). This in-
terval is mainly composed of foraminifer shells and medium sand–
sized quartz with common presence of medium sand–sized pyrite 
and glauconite (Figure F11).

Structures
No primary sedimentary structures were observed. Secondary 

sedimentary structures, such as bioturbation, are rare.

Color
The color of sand with foraminifers and nannofossils ranges 

from dark olive-gray (5Y 3/2) (uppermost ~3–6 m in all holes) to 
dark greenish gray (GLEY 1 4/10Y) and very dark greenish gray 
(GLEY 1 3/10Y). The color of clayey silt with foraminifers and 
nannofossils ranges from greenish gray (GLEY 1 5/5GY) to dark 
greenish gray (GLEY 1 4/10Y) and very dark greenish gray (GLEY 1 
3/10Y). Finally, the sand-rich foraminifer ooze is greenish gray 
(GLEY 1 5/5GY).

Discussion
Site U1478 is located at 490 mbsl on Inharrime Terrace east of 

the Limpopo River. This area consists of a large triangle-shaped sed-
imentary body in the northwestern Natal Valley connected with the 
Limpopo River sediment cone, which has been built up since the 
late Miocene (Martin, 1981b). The lithologic alternation between 
clayey silt with nannofossils and foraminifers and sand with fora-
minifers and nannofossils observed at Site U1478 probably results 
from complex interactions between the water masses bathing In-
harrime Terrace, sea level fluctuations, and fluvial discharges. In-
harrime Terrace is composed of several major drift sequences that 
result from the interplay between the Mozambique Channel 
throughflow and the stationary Delagoa Bight lee eddy (Preu et al., 
2011). This eddy is likely driven by the rapid flow of the adjacent 
water past the substantial promontory (Quartly and Srokosz, 2004; 
Lutjeharms, 2006). The flow of the eddy slows in the center, where 
suspended material settles (Martin, 1981b). The occurrence of 
sand-rich foraminifer ooze at ~170–172 m CSF-A in Holes 
U1478A–U1478C suggests the roll of winnowing and could be con-
sistent with contourite deposition at Site U1478. Two intervals of 
low magnetic susceptibility at ~87–91 and 159–164 m CSF-A in all 
holes (see Physical properties) occur within Unit I. These intervals 
seem not to be related to any distinct lithologies because they occur 
across sandy, silty, and clay sediment.

Figure F9. Core recovery, Holes U1478A–U1478D.
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Figure F10. Lithostratigraphic summary with selected physical properties and geochemical data. Hole U1478A. (Continued on next three pages.)
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Figure F10 (continued). Hole U1478B. (Continued on next page.)
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 Figure F10 (continued). Hole U1478C. (Continued on next page.)
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Figure F10 (continued). Hole U1478D.
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Table T2. Overview of shipboard sampling with number of samples taken, Holes U1478A–U1478D. NANNO = nannofossils, PMAG = paleomagetism, MAD = 
moisture and density, FORAM = foraminifers, CARB = carbonate, DIAT = diatoms. A = archive, W = working. TPCK = toothpick, CYL = cylinder, OTHR = other. 
Download table in .csv format. 

Sample type
Section 

half
Sample 

tool
Hole 

U1478A
Hole 

U1478B
Hole 

U1478C
 Hole 

U1478D Total

Smear slide A TPCK 38 16 8 4 66
NANNO W TPCK 110 0 0 0 110
PMAG W CUBE (7 cm3) 44 0 0 0 44
MAD W CYL (10 cm3) 84 0 0 0 84
FORAM W CYL (10 cm3) 107 0 0 0 107
CARB W CYL (5 cm3) 63 0 0 0 63
DIAT W OTHR 22 0 0 0 22

Total: 468 16 8 4 496
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Figure F11. A–I. Representative lithologies per interval. Section-half (left) sur-
faces and smear slide photomicrographs taken under plane-polarized (mid-
dle) and cross-polarized (right) light, Site U1478. Scale bars = 100 μm. 

Unit I: clayey silt with 
foraminifers and nannofossils

361-U1478A-28F-1, 83 cm

Unit I: sand-rich foraminifer ooze
361-U1478A-19H-3, 110 cm

B C

A

D

G

E F

H I

Unit I: sand with foraminifers
and nannofossils

361-U1478A-9H-4, 60 cm

Figure F13. A–C. Relative percentages of major compositions of sediment 
determined by smear slide observation, Holes U1478A–U1478D. 
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Figure F12. A–D. Sediment deformations and disturbance, Site U1478.

Soupy
361-U1478A-21H-4

Fractured
361-U1478A-2H-7

Void
361-U1478A-10H-1

Fragmented
361-U1478B-25F-CC

A B C D

Table T3. Smear slide textures, compositions, and lithologic names, Holes 
U1478A–U1478D. Download table in .csv format.
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Physical properties
Physical property measurements were completed on whole-

round sections and section halves from cores collected from Holes 
U1478A–U1478D. Gamma ray attenuation (GRA) density, mag-
netic susceptibility (MS), P-wave velocity (VP), and natural gamma 
radiation (NGR) measurements were made on all whole-round sec-
tions using the Special Task Multisensor Logger (STMSL), the 
Whole-Round Multisensor Logger (WRMSL), and the Natural 
Gamma Radiation Logger (NGRL). Because of time constraints, the 
NGRL was not run on Cores 361-U1478B-1H through 16H, which 
were sampled every section for interstitial water whole rounds. In 
all cases, STMSL sampling resolution was set to 5 cm, WRMSL 
sampling resolution was set to 2.5 cm, and NGRL sampling resolu-
tion was set to 10 cm. All sections were first logged using the 
STMSL without waiting for thermal equilibration, generating a set 
of GRA density and MS data that was used for stratigraphic correla-
tion. Following thermal equilibration (after temperature reached 
19°C), the sections were logged using the WRMSL, generating VP
and another set of GRA density and magnetic susceptibility data, 
and then logged using the NGRL.

Following core splitting, samples were taken for moisture and 
density (MAD) measurements from the working-half sections. 
Three samples per core from the working-half sections of Hole 
U1478A were taken for MAD measurements. The samples were 
taken typically from Sections 2, 4, and 6 with few exceptions based 
on visual inspection. The MAD (index) properties determined on 
81 samples from Hole U1478A include bulk density, dry density, 
grain density, porosity, void ratio, and water content. Spectral color 
reflectance and MS were measured at a resolution of 4 cm on the 
archive-half sections using the Section Half Multisensor Logger 
(SHMSL). Red, green, and blue (RGB) were measured on the Sec-
tion Half Imaging Logger (SHIL).

Diffuse reflectance spectrometry 
and digital color image

In general, spectral reflectance parameter L* ranges from 29 to 
44 and shows cyclic variability throughout. These oscillations have a 
wavelength between 1 and 5 m. Along the entire Hole U1478A, a 
slight progressive increase in average L* values was observed rang-
ing from 34 at the seafloor to 37 at the bottom of the hole (Figure 
F15). Color reflectance values for a* range in general between 1.8 
and –1.3 and between 6 and –4 for b*.

Maxima in a* and b* values were observed at ~63 and ~58 m 
CSF-A, respectively, and in general both show poor correlation with 
L* values. After a brief low in a*, at ~75 m CSF-A, average a* values 
decrease gradually from 1 at ~85 m CSF-A to 0 at the base of the 
sequence. Around the same depth level, the cyclic pattern for b* val-
ues change, with higher amplitudes in the upper part compared to 
the lower one. The color reflectance variations are likely due to 
compositional changes (e.g., carbonate versus clay mineral concen-
tration). Spectral reflectance data are very similar between holes. 
Deviations may be due to drilling disturbances.

RGB values obtained from the SHIL were measured on the 
moist surface of the archive halves of split cores. RGB data have av-
erage values of R = 36 ± 5, G = 35 ± 5, and B = 30 ± 4 (Figure F16) 
and show a cyclic pattern, with higher amplitudes in the upper 95 m 
CSF-A. Below this depth, RGB measurements display a lower vari-
ability with two positive excursions at ~178 and ~187 m CSF-A and 
a marked decrease at ~190 m CSF-A. RGB data broadly correspond 
with color reflectance b*.

Figure F14. Comparison of CaCO3 content determined using measurements 
on discrete samples and biogenic carbonate proportions estimated in smear 
slides, Holes U1478A–U1487D.
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Figure F15. Color reflectance, Hole U1478A. Parameters were filtered to 
remove outliers.
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Natural gamma radiation
In Hole U1478A, NGR average count rates increase downhole 

from 27 counts/s at the seafloor to 53 counts/s at the bottom of the 
hole (Figure F17). This gradual increase is interrupted by two zones 
at 57–74 and 174–195 m CSF-A, showing excursions to lower aver-
age values of 30 ± 3 and 34 ± 5 counts/s, respectively. A peak-like 
maximum NGR value of 58 counts/s occurs at 81 m CSF-A. Below 
175 m CSF-A, cyclic changes in NGR display longer cycles (3–5 m) 
compared to the upper 175 m CSF-A, where wavelengths are typi-
cally 1–3 m. Moreover, an interval with higher (~15 counts/s) than 
average amplitude variability (~10 counts/s) occurs between 175 
and 200 m CSF-A. 

Magnetic susceptibility
Whole-round core (WRMSL) measurements of MS in Hole 

U1478A (Figure F17) have an average of 51.2 ± 22.6 instrument 
units (IU; ~10–5 SI). In the upper 25 m CSF-A, magnetic susceptibil-
ity values show cyclic changes and a progressive decrease from 91 to 
31 IU. From 25 to 89 m CSF-A, MS ranges between ~20 to ~70 IU 
and varies around an average of 50 IU. At 89 m CSF-A, this cyclic 
pattern is interrupted by a low-MS interval of ~3 m in which mini-
mum values (<20 IU) are reached. Below 92 m CSF-A, MS increases 
again with a high gradient such that maximum MS values of 131 IU 
are reached only a few meters (103 m CSF-A) below the low-MS in-
terval. From this point, MS decreases to ~159 m.

At 159 m CSF-A, another 5 m long low-MS (~15 IU) interval 
begins. From the bottom of this interval at 164 m CSF-A, MS shows 
a rapid increase to 90 IU at 180 m CSF-A followed again by a general 
decrease to the bottom of the hole.

Compressional wave velocity 
P-wave velocity data measured with the WRMSL (Figure F18) 

was cleaned of outliers caused by section breaks. Velocities average 
1550 ± 14 m/s in the uppermost 25 m CSF-A of Hole U1478A. At 25 
m CSF-A, a step-like change is followed by an interval (25–90 m 
CSF-A) with higher and more variable velocities (1574 ± 21 m/s). 
From 90 to 130 m CSF-A velocities also fluctuate around an average 
of 1574 m/s but with significantly larger amplitude variations 
(1450–1650 m/s). Below 130 CSF-A, reliable P-wave data collection 
in all holes at Site U1478 was inhibited by strong signal attenuation 
caused by the high number of gas expansion voids so no data are 
shown on the figure.

Moisture and density 
Bulk density at Site U1478 was determined on whole-core sec-

tions using the STMSL and WRMSL (GRA) and on discrete MAD 
samples. Variations in GRA and MAD bulk densities are well cor-
related throughout Site U1478 (Figure F18). GRA bulk density val-
ues vary from 1.5 to 2 g/cm3 and are consistent with an average 
MAD bulk density of 1.84 ± 0.12 g/cm3. The spike-like excursions to 
lower GRA bulk density values may be due to small voids caused by 
gas expansion. The average grain density is 2.76 ± 0.01 g/cm3 and 
the values vary between 2.55 and 3.29 g/cm3 (Figure F19). 

Overall, the porosity profile shows a decreasing trend down-
ward in Hole U1478A that is consistent with sediment compaction 
with variations along that trend likely due to variations in average 
grain size of the sediment particles. Porosity values are similar to 
those at Site U1477 and range between 44.0% and 64.5%.

Figure F16. SHIL RGB color data, Hole U1478A. 
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Figure F17. NGR and magnetic susceptibility, Hole U1478A. Black lines = 
WRMSL measurements, red circles = SHMSL measurements. 
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Thermal conductivity 
Thermal conductivity measurements were performed on every 

other core in Hole U1478A (Figure F19). The full-space needle 
probe was used, usually near the middle of one section. Overall, 
thermal conductivity values range between 1.15 and 1.49 W/(m·K), 
with an average value of 1.31 W/(m·K), but do not show a clear 
trend with depth as also observed at Site U1477.

Summary
Despite the fact that the lithology at Site U1478 is homogeneous 

and has been classified as one lithostratigraphic unit (see Sedimen-
tology), the physical parameters measured at Site U1478 show a 
complex pattern of amplitude changes and trends. All high-resolu-
tion records derived by core logging (Figure F20) show cyclic 
changes that are likely related to the variable lithologic alternations 
between silt-rich and sand-rich intervals (see Sedimentology) and 
thus may reflect complex interactions between ocean circulation, 
sea level fluctuations, and fluvial discharges. Cyclic variability 
within the measured physical properties is pervasive throughout 
the sequence; however, the amplitude and wavelength of the cyclic-
ity fluctuate along the records and between each different measured 
parameter. Also, changes in general trends do not correlate between 
parameters. Two zones of very low magnetic susceptibility values at 
89–92 and 164–168 m CCSF-A may have been caused by sediment 
diagenesis as indicated by elevated iron and manganese concentra-
tions in interstitial water (see Geochemistry). The porosity profile 

Figure F18. P-wave velocity and bulk density, Hole U1478A. Black lines = 
WRMSL measurements, red circles = MAD measurements. 
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Figure F19. Porosity, grain density, and thermal conductivity, Hole U1478A.
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Figure F20. Spliced bulk density, WRMSL magnetic susceptibility, NGR, and 
b* color reflectance, Site U1478.
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shows a decreasing trend downhole, and average porosities are sim-
ilar to Site U1477 but are significantly lower when compared to the 
sites in deeper water (Sites U1474–U1476 and U1479), suggesting a 
higher degree of sediment compaction at the shallower sites.

Micropaleontology
Site U1478 spans the Late Pleistocene to middle Pliocene with a 

bottom-hole age of ~3.9 Ma. Calcareous nannofossils, planktonic 
foraminifers, diatoms, and other siliceous remains were analyzed in 
the mudline, 32 core catcher samples, and selected split-core sec-
tion samples (78 for calcareous nannofossils and 75 for foramini-
fers) from Hole U1478A. The sequence is biostratigraphically 
complete at the biozone level for planktonic foraminifers and cal-
careous nannofossils. The diatom record is limited to the mudline 
sample, whereas siliceous sponge spicules and phytoliths appear 
rarely in the core catcher samples. Calcareous microfossils are 
abundant and mostly well preserved throughout Site U1478 with 
the occurrence of tropical to subtropical species. Temperate species 
of calcareous nannofossils and planktonic foraminifers tend to ap-
pear from ~177.72 to 248.64 m CSF-A. The microfossil assemblage 
includes pteropods, benthic foraminifers, ostracods, sponge and 
gorgonian spicules, phytoliths, mollusks, coral fragments, and fish 
otoliths.

Calcareous biochronology and paleomagnetic age estimates 
show good agreement with each other, but some of the biostrati-
graphic markers from planktonic foraminifers show evidence of up-
ward reworking of top appearance datums (see Planktonic 
foraminifers and Age model). Accordingly, the foraminifer datums 
characterized by rare abundances (a few specimens in a sample) and 
discontinuous appearances near their top occurrence were dis-
counted. The evidence for reworking of planktonic foraminifers at 
Site U1478 is equivocal. Overall we are unsure how pervasive re-
working is throughout the sequence, but it might be more common 
in the frequent sandy beds where foraminifer abundance is high 
(>20%). Split-core section samples for foraminifer identification 
were taken at regular intervals (typically 70–72 cm within a sec-
tion), but by chance they mostly occurred in sand-rich horizons. In 
contrast, most nannofossil samples were taken from fine-grained 
sediments.

Biostratigraphy in Hole U1478A is shown in Figure F21 with 
microfossil datums reported in Tables T4 and T5. Calcareous 
nannofossil occurrences are presented in Table T6, and planktonic 
foraminifer occurrences are shown in Table T7. Typical examples of 
calcareous nannofossils at Site U1478 are presented in Figure F22. 
Representative species of planktonic and benthic foraminifers at 
Site U1478 are shown in Figures F23 and F24. The age-depth plot 
including the biochronology and magnetostratigraphic datums is 
discussed in Age model and is shown in Figure F39.

Calcareous nannofossils
Calcareous nannofossil assemblages were analyzed in the mud-

line, 32 core catcher samples, and 78 split-core section samples 
from Hole U1478A. The split-core section samples, analyzed only 
for marker species abundances, were selected based on the likeli-
hood of the marker occurrence and on the sediment appearance 
(i.e., texture and absence of bioturbation). Core catcher investiga-
tions focused instead on calcareous nannofossil abundances of dis-
crete taxa. A total of 20 nannofossil datums calibrated by Lourens et 
al. (2004) and Gradstein et al. (2012) were identified, leading to the 
assigned age range from the Late Pleistocene to the middle Pliocene 

for the recovered sequence. Based on occurrence and abundance, 
nannofossil datums are considered reliable unless otherwise stated. 
Individuals of 48 tropical, subtropical, and temperate nannofossil 
species belonging to 20 genera were observed (for examples, see 
Figure F22). Calcareous nannofossil assemblages are mostly abun-
dant (>50% of sediment particles) with occasional samples of lower 
percentages (10%–50% of sediment particles). Preservation is good, 
and reworking of species is low; however, specimens of the Dis-
coaster taxa tend to show broken arms and fragmentation. The as-
semblage is characterized by the occurrence of coastal species such 
as Gephyrocapsa oceanica and Braarudosphaera bigelowii, whereas 
the temperate species Coccolithus pelagicus is first found in Sample 
361-U1478A-19H-CC (177.72 m CSF-A) at ~2 Ma, and its occur-
rence continues downcore to the bottom of the sequence.

Figure F21. Biochronology in Hole U1478A with the locations of significant 
planktonic foraminifer and calcareous nannofossil events. Upward arrows 
indicate the base (B), base reentrance (Br), base common (Bc), and base 
acme (Ba) occurrence events for nannofossils and the B occurrence events 
for planktonic foraminifers. Downward arrows indicate the top (T) and top 
common (Tc) occurrence events for nannofossils and T occurrence events 
for planktonic foraminifers. 
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CN15

CN14

CN13

CN12

CN11

E. huxleyi (0.29 Ma)

P. lacunosa (0.44 Ma)

Tc Gephyrocapsa small (1.02 Ma)
Br Gephyrocapsa (>4 µm; 1.04 Ma)

Bc R. asanoi (1.14 Ma)

Ba Gephyrocapsa small (1.24 Ma)

H. sellii (1.34 Ma)

Gephyrocapsa (>5.5 µm; 1.24 Ma)

C. macintyrei (1.6 Ma)
Gephyrocapsa (>5.5 µm; 1.62 Ma)

Gephyrocapsa (>4 µm; 1.73 Ma)

D. brouweri (1.93 Ma)
D. triradiatus (1.95 Ma)

Bc D. triradiatus (2.14 Ma)

D. pentaradiatus (2.39 Ma)

D. surculus (2.49 Ma)

D. tamalis (2.8 Ma)

Sphenolithus spp. (3.54 Ma)

R. pseudoumbilicus (3.7 Ma)
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a

a
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Tc R. asanoi (0.91 Ma)

Pt1b

Pt1a

PL5

PL4

PL3

G. ruber pink (0.40 Ma)

G. tosaensis (0.61 Ma)

N. acostaensis (1.58 Ma)

G. apertura (1.64 Ma)

G. fistulosus (1.88 Ma)

G. pseudomiocenica 
(2.39 Ma)

G. ruber pink (0.12 Ma)

G. margaritae (3.85 Ma)

N. dutertrei (2.77 Ma)

G. plesiotumida (3.77 Ma)

P. primalis (3.66 Ma)

G. tosaensis (3.35 Ma)

G. fistulosus (3.33 Ma)

D. altispira (3.47 Ma)

Calcareous nannofossil
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Planktonic foraminifer
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G. truncatulinoides (1.93 Ma)
G. extremus (1.98 Ma)

PL2

PL6

S. seminulina (3.59 Ma)
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Table T4. Selected biostratigraphic planktonic foraminifer datums, Site U1478. Quality scores indicate the degree of reliability for each datum based on distinct 
taxonomy, abundance, and occurrence of the event. 1 = >80% reliability, 2 = >50%–80% reliability, 3 = <50% reliability. T = top or terminal occurrence, B = base 
occurrence. Download table in .csv format. 

Biozone/
Subzone

Core, section,
interval (cm)

Midpoint 
depth 

CSF-A (m)
Depth

CCSF-A (m) Event

Age (Ma)
Quality
score Lithology (Gradstein et al., 2012) (Sinha and Singh, 2008)

361-U1478A-
2H-5, 70–72 13.41 12.59 T G. ruber pink 0.12 1 Sand
4H-CC 35.56 34.21 B G. ruber pink 0.4 1 Silt

B Pt1b 6H-CC 54.54 55.5 T G. tosaensis 0.61 0.59 1 Sand
14H-CC 130.8 135.3 T N. acostaensis 1.58 1 Sand
15H-CC 139.43 144.55 T G. apertura 1.64 1 Silt 

B Pt1a 16H-CC 149.6 154.23 T G. fistulosus 1.88 1.73 2 Sand
19H-1, 70–72 168.91 173.72 B G. truncatulinoides 1.93 2.1 1 Silt
18H-CC 168.43 172.94 T G. extremus 1.98 1 Silt

B PL6 19H-3, 70–72 171.91 176.72 T G. pseudomiocenica 2.39 2.1 1 Silt
21H-CC 196.21 201.03 B N. dutertrei 2.77 2 Sand
23F-1, 70–72 202.11 206.34 T P. primalis 3.66 2.84 2 Sand
25F-CC 215.67 221.1 T G. plesiotumida 3.77 2 Sand

B PL5 24-F1, 70–72 206.81 211.46 T D. altispira 3.47 3.05 3 Sand
27F-CC 225.05 231.06 B G. fistulosus 3.33 3.26 2 Sand
30F-1, 70–72 235.01 242.35 B G. tosaensis 3.35 2.84 1 Sand

B PL4 30F-3, 70–72 237.93 235.27 T S. seminulina 3.59 1 Sand
B PL3 31F-1, 70–72 239.71 248.32 T G. margaritae 3.85 2 Sand

Table T5. Biostratigraphic calcareous nannofossil datums, Site U1478. Quality scores indicate the degree of reliability for each datum based on distinct taxon-
omy, abundance, and occurrence of the event. 1 = >80% reliability, 2 = >50%–80% reliability, 3 = <50% reliability. T = top or terminal occurrence, Tc = top com-
mon occurrence, B = bottom or first occurrence, Bc = first common occurrence, Br = base of reentrance sometime after the first appearance datum, Ba = base 
acme. Download table in .csv format.

Biozone/Subzone Core, section,
interval (cm)

Depth 
CSF-A (m)

Depth 
CCSF-A (m) Event

Age
(Ma)

Quality
score Lithology(Martini, 1971) (Okada and Bukry, 1980)

361-U1478A-
NN21/NN20 CN15/CN14b 4H-3, 70 29.40 28.05 B E. huxleyi 0.29 1 Silt 
NN20/NN19 CN14b/CN14a 5H-2, 30 37.00 37.77 T P. lacunosa 0.44 1 Silt 
NN19 CN14a 10H-4, 75 87.98 90.29 Tc R. asanoi 0.91 2 Silt 

11H-1, 75 92.95 96.23 Tc Gephyrocapsa small 1.02 1 Silt 
CN14a/CNCN13b 11H-1, 75 92.95 96.23 Br Gephyrocapsa (>4 μm) 1.04 1 Silt 
CN13b 13H-4, 35 117.00 119.90 Bc R. asanoi 1.14 1 Sand

14H-3, 145 125.16 129.66 T Gephyrocapsa (>5.5 μm) 1.24 1 Silt 
14H-3, 145 125.16 129.66 Ba Gephyrocapsa small 1.24 1 Silt 
15H-1, 114 131.34 136.47 T H. sellii 1.34 1 Sand
16H-3, 135 144.07 148.67 T C. macintyrei 1.6 1 Silt 
16H-4, 70 145.20 149.80 B Gephyrocapsa (>5.5 μm) 1.62 1 Silt 

CN13b/CN13a 17H-4, 40 153.97 158.53 B Gephyrocapsa (>4 μm) 1.73 1 Silt 
NN19/NN18 CN13a/CN12d 19H-2, 91 170.61 175.42 T D. brouweri 1.93 1 Silt 
NN18 CN12d 19H-2, 91 170.61 175.42 T D. triradiatus 1.95 2 Silt 

21H-6, 74 195.44 200.25 Bc D. triradiatus 2.14 3 Silt 
NN18/NN17 CN12d/CN12c 22F-2, 85 199.00 203.59 T D. pentaradiatus 2.39 1 Sand
NN17/NN16 CN12c/CN12b 22F-4, 55 201.24 205.78 T D. surculus 2.49 1 Sand
N16 CN12b/CN12a 25F-CC 215.70 221.12 T D. tamalis 2.8 1 Sand

CN12a 28F-CC 229.44 235.23 T Sphenolithus spp. 3.54 2 Sand
NN16/NN15 CN12a/CN11b 30F-1, 17 234.47 241.81 T R. pseudoumbilicus 3.7 2 Sand

Table T7. Planktonic foraminifer occurrence and abundance based on exam-
ination of the >150 μm fraction, Site U1478. Download table in .csv for-
mat.

Table T6. Calcareous nannofossil occurrence, Site U1478. Download table 
in .csv format.

The coincident base of Biozones NN21 and CN15 is observed in 
Sample 4H-3, 70 cm (29.4 m CSF-A) with the base occurrence of 

Emiliania huxleyi (0.29 Ma). The classification of this species was 
determined by analyzing split-core samples from the top of Hole 
U1478A under the scanning electron microscope, which provides 
the appropriate magnification to reliably identify E. huxleyi. The top 
occurrence of Pseudoemiliania lacunosa (0.44 Ma) in Sample 5H-2, 
30 cm (37 m CSF-A), defines the Biozone NN20/NN19 and Sub-
zone CN14b/CN14a boundaries. Biozone NN19 and Subzone 
CN14a include the top common occurrence of Reticulofenestra asa-
noi (0.91 Ma) in Sample 10H-4, 75 cm (87.98 m CSF-A), and the top 
common occurrence of small Gephyrocapsa spp. (1.02 Ma) in Sam-
IODP Proceedings 19 Volume 361
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ple 11H-1, 75 cm (92.95 m CSF-A). The former datum has a lower 
quality score because its abundance is low prior to its top occur-
rence, fluctuating between 1 and 10 specimens per field of view. The 
Subzone CN14a/CN13b boundary is marked by the base reentrance 
of Gephyrocapsa spp. (>4 μm; 1.04 Ma) in Sample 11H-1, 75 cm 
(92.95 m CSF-A). Subzone CN13b contains the base common oc-
currence of R. asanoi (1.14 Ma) in Sample 13H-4, 35 cm (117.00 m 

CSF-A); the top occurrence of Gephyrocapsa spp. (>5.5 μm; 1.24 
Ma) and the base acme of small Gephyrocapsa spp. (1.24 Ma) in 
Sample 14H-3, 145 cm (125.16 m CSF-A); the top occurrence of 
Helicosphaera sellii (1.34 Ma) in Sample 15H-1, 114 cm (131.34 m 
CSF-A); the top occurrence of Calcidiscus macintyrei (1.6 Ma) in 
Sample 16H-3, 135 cm (144.07 m CSF-A); and the base occurrence 
of Gephyrocapsa spp. (>5.5 μm; 1.62 Ma) in Sample 16H-4, 70 cm 

Figure F22. Calcareous nannofossils, Hole U1478A. Scale bars = 5 μm. 1–3. 1H-CC; 6.67 m CSF-A; (1) Florisphaera profunda; (2) Gephyrocapsa oceanica; (3) Heli-
cosphaera carteri. 4. Small Gephyrocapsa spp. (5H-CC; 44.93 m CSF-A). 5. Scyphosphaera recurvata (9H-5; 80.2 m CSF-A). 6, 7. 10H-4; 87.98 m CSF-A; (6) Calcioso-
lenia murrayi; (7) Reticulofenestra asanoi. 8–10. 10H-CC; 92.76 CSF-A; (8) medium Gephyrocapsa spp. (>4 μm); (9) Pseudoemiliania lacunosa; (10) Ceratolithus 
telesmus. 11. Braarudosphaera bigelowii (12H-CC; 111.42 m CSF-A). 12. Scyphosphaera globulata (16H-5; 147.01 m CSF-A). 13, 14. 20H-5; 184.49 m CSF-A; 
(13) Coccolithus pelagicus; (14) Calcidiscus macintyrei. 15. Discoaster triradiatus (20H-2; 180.38 m CSF-A). 16. Discoaster brouweri (24F-1; 206.6 m CSF-A). 
17, 18. 27F-2; 222.41 m CSF-A; (17) Discoaster pentaradiatus; (18) Hayaster perplexus. 19. Discoaster deflandrei (28F-1; 225.7 m CSF-A). 20. Sphenolithus sp. (28F-3; 
228.44 m CSF-A). 21. Discoaster challengeri (29F-3; 233.14 m CSF-A). 22. Discoaster tamalis (31F-1; 239.85 m CSF-A). 23, 24. 32F-CC; 248.64 m CSF-A; (23) Heli-
cosphaera sellii; (24) Reticulofenestra pseudoumbilicus. 
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(145.20 m CSF-A). The Subzone CN13b/CN13a boundary is recog-
nized in Sample 17H-4, 40 cm (153.97 m CSF-A), based on the bot-
tom occurrence of Gephyrocapsa spp. (>4 μm; 1.73 Ma).

The Biozone NN19/NN18 and Subzone CN13a/CN12d bound-
aries are placed in Sample 19H-2, 91 cm (170.61 m CSF-A), where 
the top occurrence of Discoaster brouweri (1.93 Ma) occurs. The 
top occurrence of Discoaster triradiatus (1.95 Ma) is recorded in 
Sample 19H-2, 91 cm (170.61 m CSF-A), following its base common 
occurrence (2.14 Ma) in Sample 21H-6, 74 cm (195.44 m CSF-A), 
which both characterize Biozone NN18 and Subzone CN12d. Both 
occurrences of D. triradiatus are considered to be of low reliability 
due to the scarcity and irregular appearance of the datum. In partic-
ular, the base common occurrence of D. triradiatus is characterized 
by the presence of a few individuals within the sample. The tops of 
Biozone NN17 and Subzone CN12c are found in Sample 22F-2, 85 
cm (199.05 m CSF-A), based on the top occurrence of Discoaster 
pentaradiatus (2.39 Ma). Minor reworking of this species was re-
corded in the upper part of the sequence, where the younger age-
diagnostic taxon D. triradiatus is present. The Biozone NN17/N16 
and Subzone CN12c/CN12b boundaries are defined by the top oc-
currence of Discoaster surculus (2.49 Ma) in Sample 22F-4, 55 cm 

(201.24 m CSF-A). The top occurrence of Discoaster tamalis (2.8 
Ma) in Sample 25F-CC (215.70 m CSF-A) delineates the Subzone 
CN12b/CN12a boundary within Biozone NN16. The Plio-
cene/Pleistocene boundary is located between the top occurrences 
of D. surculus (2.49 Ma) and D. tamalis (2.8 Ma). The top occur-
rence of Sphenolithus spp. (3.54 Ma) in Sample 28F-CC (229.44 m 
CSF-A) marks the lower part Biozone NN16. The top occurrence of 
Reticulofenestra pseudoumbilicus in Sample 30F-1, 17 cm (234.47 m 
CSF-A), defines the transition to Biozone NN15 and Subzone 
CN11b, indicating that the associated sedimentary sequence in 
Hole U1478A is younger than 3.7 Ma. These last two datums are 
considered to be of lower reliability because of their irregular occur-
rence.

The Pliocene–Pleistocene record is also characterized by rare to 
common occurrences of long-ranging nannofossil taxa such as B. 
bigelowii, Calcidiscus leptoporus, Calciosolenia murrayi, C. pelagi-
cus, Helicosphaera carteri, Helicosphaera spp., Pontosphaera spp., 
Rhabdosphaera clavigera, Scyphosphaera spp., Syracosphaera spp., 
Reticulofenestra spp. (<3 μm), Umbellosphaera spp., and Umbilicos-
phaera spp.

Planktonic foraminifers
Planktonic foraminifers define a complete sequence of Plio-

cene–Pleistocene datums between Subzone Pt1b and the base of 
Biozone PL3 and suggest the sedimentary sequence reaches at least 

Figure F23. Representative assemblages of benthic foraminifers in Sample 
U1478A-31F-CC (244.1 m CSF-A). Scale bars = 100 μm. 1, 6. Siphonodosaria 
lepidula. 2. Cibicides corticatus. 3, 4. Discorbinella bertheloti. 5. Praeglobobu-
limina sp. 7. Planulina retia. 8. Parafissurina caledoniana. 9. Spiroloculina exca-
vata. 10. Chrysalogonium breviloculum. 11. Praeglobobulimina sp. 
12. Planulina ariminensis. 13. Melonis affinis. 14. Orthomorphina jedlitschkai.
15. Nodosaria radicula var. glanduliniformis. 16. Orthomorphina perverse. 
17. Pseudonodosaria comatula. 18. Cibicidoides bradyi. 19. Uvigerina inter-
ruptacostata. 20. Uvigerina peregrina. 21. Glandulina ovula.
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Figure F24. Representative assemblages of planktonic foraminifers, Hole 
U1478A. Scale bars = 100 μm. 1–3. Globigerinoides extremus (31F-CC; 244.1 
m CSF-A). 4, 5. Globigerinoides elongatus (31F-CC; 244.1 m CSF-A). 6–8. Globi-
gerina apertura (21H-CC; 196.1 m CSF-A). 9–10. Dentoglobigerina altispira
(21H-CC; 196.1 m CSF-A). 11–13. Globigerinoides tenellus (5H-CC; 44.8 m CSF-
A). 14–15. Dentoglobigerina altispira (21H-CC; 196.1 m CSF-A). 16. Pullenia-
tina primalis (31F-CC; 244.1 m CSF-A). 17. Globorotalia margaritae (31F-CC; 
244.1 m CSF-A). 18–20. Globorotalia pseudomiocenica (19H-CC; 177.6 m CSF-
A).
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3.85 Ma and probably 4.1 Ma (see Age model). Planktonic foramin-
ifer fauna is dominated by tropical to warm subtropical species, al-
though there is a very small number of individuals representing 
species from the subtropical convergence throughout the sequence. 
Foraminifers are mostly well preserved in Hole U1478A, with the 
frequent occurrence of glassy and semitranslucent specimens 
throughout Hole U1478A. Still, some samples, particularly in the 
lower parts of Hole U1478A, show foraminifer fragmentation and 
pitting, as well as overgrowth by dolomite that results in only mod-
erate preservation. There are also signs of low levels of reworking, 
with rare occurrences of marker species in shallower parts of the se-
quence than expected based upon the majority of other biostrati-
graphic datums. The abundance of sandy sediment at Site U1478 
may account for some of this reworking because foraminifer sand 
could be produced by erosion and transportation of previously de-
posited materials. Reworking does not appear to be an overwhelm-
ing phenomenon because the sequence of biostratigraphic datums 
is generally in agreement with other Expedition 361 sites once we 
eliminate rare, discontinuous occurrences in defining the depths of 
biostratigraphic events.

Planktonic foraminifers were examined in core catcher samples 
from Hole U1478A and generally in alternating split-core sections. 
The core catcher samples were all washed upon recovery; this 
proved to be easier than at other Expedition 361 sites because of the 
frequent occurrence of foraminifer-rich sand in the core catchers, 
which disaggregated easily while being washed. The split-core sec-
tion samples were dried completely before processing and soaked in 
a dilute borax solution, a procedure that made the samples easy to 
disaggregate and likely resulted in an improvement in foraminifer 
quality in the washed sand fraction over the core catcher samples. 
Examples of the major foraminifer taxa present at Site U1478 are 
illustrated in Figures F23 and F24. Stratigraphic ranges of species 
are shown in Table T7.

The Pleistocene Biozone Pt1 sequence (0–1.88 Ma) extends 
from the mudline to Sample 361-U1478A-16H-CC (149.60 m CSF-
A). Globigerinoides ruber (pink) has its top occurrence (0.12 Ma) in 
Sample 2H-5, 70–72 cm (13.41 m CSF-A), whereas its bottom oc-
currence (0.4 Ma) is in Sample 4H-CC (35.56 m CSF-A). The base 
occurrence of Globigerinella calida has a calibrated age of 0.22 Ma. 
Although we have numerous typical specimens of this species with 
large, very loosely coiled shells, we found the taxon to range well 
below other foraminifer and nannofossil markers for the Pleisto-
cene, as is also the case at other Expedition 361 sites. The top occur-
rence of Globorotalia tosaensis is in Sample 6H-CC (54.54 m CSF-
A) and marks the Biozone Pt1a/Pt1b boundary at 0.61 Ma. Globo-
rotalia tosaensis has regular occurrence in Hole U1478A, suggest-
ing that it is a reliable biozone marker. We found the top occurrence 
of Neogloboquadrina acostaensis (1.58 Ma) in Sample 14H-CC 
(130.80 m CSF-A) and the top occurrence of Globoturborotalita ap-
ertura (1.64 Ma) in Sample 15H-CC (139.43 m CSF-A). However, 
individual G. apertura specimens occur well above this datum in 
Hole U1478A (as shallow as Sample 12H-1, 70–72 cm; 102.4 m 
CSF-A). Hence, our choice for the top occurrence of G. apertura is 
based on the last common occurrence of the marker species, and we 
consider occasional specimens above the datum-making occur-
rence to be reworked. The biozone marker for the base of Subzone 
Pt1a, the top occurrence of Globigerinoides fistulosus (1.88 Ma), oc-
curs in Sample 16H-CC (149.60 m CSF-A). Globigerinoides fistulo-
sus is typically represented by at least a few specimens in every 
sample within its range, suggesting that the base of Biozone Pt1 is a 
reliable datum in Hole U1478A. We found specimens we identified 

as cf. G. fistulosus in the middle of the range of G. fistulosus; these 
specimens typically have very elongate sac-like final chambers that 
are either drawn to a point or are surmounted by bumps and knobs 
that resemble nascent tubulospines. However, for the purposes of 
defining the top and base occurrences of G. fistulosus, we used only 
individuals with distinct tubulospines.

Biozone PL6 includes the base occurrence of G. truncatulinoides
(1.93 Ma) in Sample 19H-1, 70–72 cm (168.91 m CSF-A); the top 
occurrence of Globigerinoides extremus (1.98 Ma) in Sample 18H-
CC 168.43 m CSF-A); and the top occurrence of Pulleniatina pri-
malis (Section 361-U1478A-23F-1; 202.11 m CSF-A). The calibra-
tions of both G. truncatulinoides and G. extremus are out of their 
expected order given their identified stratigraphic occurrences; 
however, the base occurrence of G. truncatulinoides agrees with its 
astronomically identified first occurrence in the tropical Atlantic 
(2.03 Ma; Sexton and Norris, 2008) or its paleomagnetically cali-
brated base occurrence (2.10 Ma) at Ocean Drilling Program Site 
763 (Eastern Indian Ocean) by Sinha and Singh (2008). The top oc-
currence of G. extremus, like that of G. apertura, is plagued by the 
rare occurrences of single individuals above the inferred extinction 
of the species; indeed we find the species consistently between Sam-
ples 11H-CC and 12H-CC (102.12–111.37 m CSFA), ~57 m above 
the datum we have established. The base of Biozone PL6 is marked 
by the top occurrence of Globorotalia pseudomiocenica (2.39 Ma) in 
Sample 19H-3, 70–72 cm (171.91 m CSF-A). The top occurrence of 
G. pseudomiocenica is marked by the abundant occurrence of large, 
typical representatives of this species in the sample recording its top 
appearance. 

The Pleistocene foraminifer assemblage is dominated by G. ru-
ber, Globigerinoides sacculifer, Globorotalia menardii, Globorotalia 
tumida, and Neogloboquadrina dutertrei. Other common species 
are Globorotalia crassaformis, Globorotalia truncatulinoides, Glo-
bigerinella siphonifera, Orbulina universa, Pulleniatina obliquilocu-
lata, and Sphaeroidinella dehiscens. Minor elements of the 
Pleistocene biota include Globorotalia inflata, Neogloboquadrina 
pachyderma (dextral), Globigerina falconensis, Globigerina obesa, 
and Globigerinoides tenellus.

Biozone PL5 includes the base occurrence of N. dutertrei cali-
brated at 2.77 Ma (Sinha and Singh, 2008) in Sample 21H-CC 
(196.21 m CSF-A); the base occurrence of G. fistulosus (3.33 Ma) in 
Sample 27F-CC (225.05 m CSF-A); the base occurrence of G. to-
saensis (3.35 Ma) in Sample 30F-1, 70–72 cm (235.01 m CSF-A); the 
top occurrence of Globorotalia plesiotumida (3.77 Ma) in Sample 
25F-CC (215.67 m CSF-A); and the top occurrence of Dento-
globigerina altispira (3.47 Ma) in Sample 24F-1, 70–72 cm (206.81 
m CSF-A). Specimens near the base appearance of G. tosaensis can 
be readily separated from their ancestor, G. crassaformis, by the ad-
dition of a fifth chamber in the final whorl of G. tosaensis, which 
changes the chamber arrangement and shape of the dorsal sutures. 
In contrast to the clearly defined base datum for G. tosaensis, that 
for the top occurrence of D. altispira is marked by rare occurrences 
and gaps in the range throughout the interval near the highest oc-
currence datum. There are also two rare outlier occurrences of D. 
altispira in Samples 18H-1, 70–72 cm (159.41 m CSF-A), and 19H-
3, 70–72 cm (171.91 m CSF-A), the highest of which is 48 m above 
our identified datum level. The base of Biozone PL4 is approxi-
mated by the top occurrence of Sphaeroidinellopsis seminulina
(3.59 Ma) in Sample 30F-3, 70–72 cm (237.93 m CSF-A). Samples 
throughout the range of S. seminulina include frequent occurrences 
of S. dehiscens. Because these two species differ mainly in the pres-
ence of a supplementary aperture in S. dehiscens, which is absent in 
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S. seminulina, defining the base of Biozone PL4 requires consider-
able turning of specimens to identify the datum level. Hence, it is 
possible that we have failed to identify the top occurrence of S. 
seminulina if it is rare near its extinction datum. The base of Bio-
zone PL3 is marked by the top occurrence of Globorotalia margari-
tae (3.85 Ma) in Sample 31F-1, 70–72 cm (239.71 m CSF-A). Like 
some other datums, we have placed the top occurrence of G. mar-
garitae at the last common occurrence of the species, but we do find 
rare individuals (1–2 per sample) as shallow as Sample 29F-3, 70–72 
cm (233.1 m CSF-A).

Pliocene biozones are represented by a tropical assemblage that 
includes G. pseudomiocenica, G. ruber, G. sacculifer G. extremus, G. 
menardii, Globigerinoides conglobatus, N. acostaensis, and Neo-
globoquadrina humerosa. Pulleniatina obliquiloculata, G. siphonif-
era, G. falconensis, and G. crassaformis are also consistent elements 
of the fauna.

Siliceous microfossils
Diatoms, phytoliths, and sponge spicules make up a minor com-

ponent of Hole U1478A samples and exhibit poor preservation in 
core catcher samples (Table T8). The mudline sample has poor 
preservation and a mixed assemblage of marine and littoral dia-
toms. Other siliceous microfossils present in the mudline sample 
are phytoliths and sponge spicules. Marine diatoms represented in 
the mudline are taxa such as Paralia sulcata, Rhizosolenia spp., Tri-
ceratium cinnamomeum, and Thalassionema nitzschioides. Also 
present are littoral taxa such as Diploneis bombus. Terrestrial inputs 
are suggested by the presence of phytoliths.

Core catcher samples contain trace amounts of siliceous micro-
fossils, which exhibit poor preservation. Phytoliths and sponge spic-
ules occur in trace to rare abundances downcore, but Site U1478 
core catcher samples are barren of diatoms (Table T8).

Paleomagnetism
Sediment cores were recovered from Holes U1478A–U1478C 

with maximum penetration depths of ~250 m CSF-A. Hole U1478D 
was cored from 6.7 to 151.2 and 190.5 to 216.0 m CSF-A. The orien-
tations of Cores 361-U1478A-1H through 21H and 361-U1478B-2H 
through 22H were measured using the FlexIt core orientation tool. 
Core orientations in Holes U1478C and U1478D were not mea-
sured. Discrete samples were taken from Hole U1478A (Table T9) 
for natural remanent magnetization (NRM) demagnetization, 
anisotropy of magnetic susceptibility (AMS), and isothermal rema-
nent magnetization (IRM) acquisition experiments.

Discrete sample measurements
Saturation IRM (SIRM) and hard IRM (HIRM) largely follow the 

downcore pattern of magnetic susceptibility (Table T10), indicating 
that they are directly responsive to ferrimagnetic mineral concen-
trations (Figure F25). S-ratios are mostly stable at 0.95 but show dis-
tinct minima indicating a strong depletion of low-coercivity 
minerals with respect to high-coercivity minerals, also signified by 
SIRM and susceptibility minima. A very distinct interval of low sus-
ceptibility at ~90 m CSF-A is located below the sulfate–methane 
transition zone, and another minimum at ~165 m CSF-A is located 
below a zone of elevated concentrations of dissolved Fe and Mn in 
interstitial water (see Geochemistry), suggesting that the magnetic 

mineral record is likely affected by early diagenetic processes. Out 
of 30 samples, only 17 samples provide reliable characteristic rema-
nent magnetizations based on principal component analysis using 
the sDAIE workbook (Sagnotti, 2013). Inclination in the uppermost 
samples generally ranges from –50° to –44°, which is typical for the 
geographical location of Site U1478 during recent normal polarity 
(Figure F26). Inclination and declination data acquired from dis-
crete samples are in agreement with high-resolution results from 
core halves (Figure F27).

Archive-half measurements
After 25 mT demagnetization, the core drill string overprint was 

largely removed, and directional data appear to be of good quality 
(Figure F27). Inclination and declination data indicate phases of sta-
ble normal or reversed polarity. However, the low-susceptibility in-
tervals mentioned above are associated with modulation in the 
inclinations. Therefore, more detailed analyses are needed to sepa-
rate the primary magnetic signal from an eventual early diagenetic 
overprint.

Magnetostratigraphy
Based on directional data, polarity zones are assigned to mag-

netic chrons (Table T11). The Brunhes/Matuyama polarity bound-
ary and the Jaramillo normal polarity chron are identified in the 
inclination and corrected declination data from Holes U1478A–
U1478D. Downcore, an extensive interval of normal polarity likely 
corresponds to the Olduvai normal polarity subchron, which is in 
agreement with nannofossil biostratigraphy. As mentioned above, a 
possible impact of diagenesis needs to be more carefully examined 
for this interval. Although biostratigraphy indicates that the sedi-
mentary sequence spans the last ~4 my, the normal polarity associ-
ated with the Gauss Chron could not be identified in the shipboard 
downhole records.

Table T8. Diatom and other siliceous microfossil occurrences, Site U1478.
Download table in .csv format.

Table T9. Analyzed discrete whole-round samples, Site U1478. Download 
table in .csv format.

Table T10. Volumetric bulk magnetic susceptibility of discrete samples, Site 
U1478. Download table in .csv format.

Figure F25. (A) S-ratio, (B) HIRM, (C) SIRM, and (D) magnetic susceptibility 
(red circles = discrete sample measurements, gray line = SHMSL measure-
ments), Hole U1478A.
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Figure F26. Inclination summary, Site U1478. Dashed line = present-day inclination. Blue circles = orientation-corrected declinations. Solid black line in inclina-
tion panels refers to a 15-point running average. 
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Figure F27. A–D. Downhole inclination, declination, intensity, and magnetic susceptibility, Site U1478. Gray lines = data, dashed line = present-day inclination, 
colored circles = data without the last and first sections of each core (prone to drilling disturbance), black squares = discrete sample data. Blue circles = orien-
tation-corrected declinations. Polarity chron ages after Gradstein et al. (2012). 
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Table T11. Polarity zone boundaries, Site U1478. Download table in .csv format.

Chron lower boundary
Age 
(Ma)

Hole U1478A 
depth 

CSF-A (m)

Hole U1478B 
depth 

CSF-A (m)

Hole U1478C 
depth 

CSF-A (m)

Hole U1478D 
depth 

CSF-A (m)

Splice 
depth 

CCSF-D (m)

Accumulation 
rate 

(cm/ky)

 Brunhes (C1n) 0.781 76 76 75 75 77 10
 C1r.1r 0.988 95 97 95 93 97 2
 Jaramillo (C1r.1n) 1.072 101 105 103 102 107 2
 C1r? 1.778 153 153 151 157 10
 Olduvai (C2n)? 1.945 165 166 Gap 171 9

Stratigraphic correlation
Four holes were drilled at Site U1478 using the APC and 

HLAPC. Generally good core quality and clear magnetic suscepti-
bility signals resulted in robust and unambiguous stratigraphic ties. 

Consequently, we have high confidence that, with the exception of 
one probable gap at ~195 m CSF-A, these holes constitute a nearly 
complete section spanning the full length of the longest hole (244 m 
recovered in Hole U1478A). The objective of obtaining a complete 
section was aided by the fact that the magnetic susceptibility data 
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from the STMSL and WRMSL (see Physical properties in the Ex-
pedition 361 methods chapter [Hall et al., 2017] for details) could be 
used for real-time correlation in Holes U1478B–U1478D; adjust-
ments to the drilling depth were made in these holes for the purpose 
of avoiding potential core gap alignment. A targeted coring ap-
proach was employed for Hole U1478D to ensure a high-quality 
splice for the uppermost 150 m CSF-A and to bridge remaining gaps 
below 195 m CSF-A. The targets were developed on the basis of the 
stratigraphic ties in Holes U1478A–U1478C.

A continuous splice was constructed for the uppermost ~200 m 
CCSF-A, and a floating splice of another ~50 m of section is ap-
pended below the coring gap. In general, the clarity of the strati-
graphic ties and the multiple cross-checks available from several 
variables gives us high confidence in the integrity of these two sepa-
rate spliced sequences.

Compositing of holes
As a guide for drilling to avoid coring gap alignment where pos-

sible, sequences from all holes were composited in near-real-time 
using magnetic susceptibility data from both the STMSL and 
WRMSL, measured at 5 cm resolution. These instruments were run 
in parallel to maintain pace with the rapid collection of core mate-
rial at shallow water depths. After collection, compositing of holes 
was achieved using the magnetic susceptibility measurements al-
most exclusively, and for this site, the STMSL and WRMSL mag-
netic susceptibility measurements are effectively interchangeable. 
Magnetic susceptibility was the preferred variable for stratigraphic 
ties because the signal was strong and distinctive throughout the re-

covered sedimentary sequence. However, the consistency of the 
stratigraphic ties was checked with color (RGB red) and NGR data. 
These variables provided particularly useful cross-checks in the in-
tervals cored by HLAPC. The relative depth offset of each core was 
determined by the optimized correlation of the magnetic suscepti-
bility record (Figure F28), with the top of Hole U1478D serving as 
the mudline anchor. These depth offsets are reported in the affine 
Table T12.

A single apparent coring gap occurred at ~195 m CSF-A, despite 
multiple attempts to bridge this gap, presumably because some sed-
imentary layer at this depth impeded penetration of the piston corer 
(both APC and HLAPC). The extent of this gap could not be deter-
mined without downhole logging information, and therefore the 
CCSF-A depth scale below this gap is floating. However, for the af-
fine table we have simply extrapolated the growth rates from the ad-
jacent overlying cores at this gap interval.

In some cases, particularly in the lower portion of the sedimen-
tary sequence, decompression led to appearance of variable stretch-
ing of the sedimentary sequence. However, in general, the average 
growth rate of the CCSF-A depth scale relative to the CSF-A depth 
scale in all holes was relatively modest (3%–5%) because of the rela-
tively low water and volatile content of the sediment.

Construction of the splice
Once the composite depth scale was created, select sequences 

from Holes U1478A–U1478D were spliced together to create a 
complete section downhole to ~195 m CCSF-A (Figure F29; Table 
T13). Below this (core gap) depth, another continuous sequence 

Figure F28. Magnetic susceptibility records, Site U1478. Scale applies to all offset data from individual holes. (Continued on next page.)
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Figure F28 (continued). 

0

40

80

120

160

Depth CCSF-A (m)

M
S

 (
IU

)

100 110 120 130 140 150

U1478A U1478B U1478C U1478D

150 160 170 180 190 200

0

40

80

120

160

Depth CCSF-A (m)

M
S

 (
IU

)

A

B

C

D

200 210 220 230 240 250

0

40

80

120

160

M
S

 (
IU

)

Depth CCSF-A (m)

A

B

C

D

A

B

C

D

Table T12. Affine table, Site U1478. Download table in .csv format.

Figure F29. Composite spliced records of magnetic susceptibility, NGR, and RGB red values, Site U1478. 
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could be developed to the base of Hole U1478A. For the uppermost 
150 m CCSF-A, the spliced sequence relies principally on cores 
from Holes U1478C and U1478D because these cores were not 
sampled aboard the ship. The uppermost cores from Hole U1478B 
were placed on the composite depth scale but did not contribute to 
the splice because these cores were dedicated for high-resolution 
interstitial water sampling. However, cores from Hole U1478B be-
low 150 m CSF-A were included in the splice because they were be-
low the depth limit of the interstitial water sampling program. As 
with the compositing, splice ties were determined primarily on the 
basis of magnetic susceptibility data from the WRMSL. The other 
variables (RGB, reflectance, and NGR) were checked to ensure that 
the spliced sequence did not contain artificial jumps or repeated in-
tervals.

Geochemistry
The chemical composition of headspace gases, interstitial water, 

and bulk sediments were investigated at Site U1478. Sampling for 
shipboard analyses focused in Hole U1478A. Downhole profiles of 
interstitial water chemistry largely reflect postdepositional micro-
bially mediated reactions driven by the accumulation of organic car-
bon (Figure F30). Sedimentary calcium carbonate contents range 
from 16 to 55 wt% with an average of 28 wt%. Interstitial water pro-
files of redox-sensitive species indicate more moderate to intense 
diagenesis at this site with anoxic conditions at 72.65 m CSF-A.

Interstitial water was squeezed from 5 or 10 cm whole rounds at 
~3 m resolution from 3.90 to 25.90 m CSF-A in Holes U1478A and 
U1478B and ~9.5 m resolution between 25.09 and 242.96 m CSF-A 
in Hole U1478A. A total of 25 samples from Hole U1478A and 10 
samples from Hole U1478B were collected for shipboard analysis of 
interstitial water chemistry. An additional 96 interstitial water sam-
ples from Hole U1478B (16 cm × 5 cm whole rounds and 80 cm × 10 
cm whole rounds) were collected for shore-based analysis of δ18O 
and Cl– to accomplish the objectives of the Ancillary Project Letter 
(APL-845) proposal. Bulk sediment in Hole U1478A was measured 
for total organic carbon (TOC) and total inorganic carbon (TIC) 
content and bulk elemental concentrations in samples selected as 
representative of the lithology.

Sedimentary hydrocarbon gases
Headspace gas samples were collected from each core in Hole 

U1478A. A total of 32 samples were measured. In all samples, CH4
was the primary hydrocarbon present, with low levels of ethene, 
ethane, and propene detected. Methane concentrations increase 
from 2 ppmv at 5.9 m CSF-A to 64,918 ppmv at 214.60 CSF-A in 
Core 361-U1478A-25F and decrease slightly below this depth (Fig-
ure F31). This is likely the result of bacterial methanogenesis 
(Barnes and Goldberg, 1976).

Interstitial water chemistry
Salinity, chloride, sodium, magnesium, and potassium

Salinity, chloride, and sodium concentrations are relatively con-
stant and near or slightly elevated above average seawater values in 
all samples from Hole U1478A (Figure F32). Average values (±1σ) 
are 557.8 ± 2.2 mM chloride and 482.6 ± 5.3 mM sodium. Downhole 
chloride concentrations are elevated at 13.40–72.65 and 167.47–
200.64 m CSF-A, with slightly lower values in the interleaving depth 
interval. Magnesium and potassium concentrations decrease down-
hole from maximum values of 52.3 mM Mg and 11.3 mM K at 3.90 
m CSF-A to minima of 36.5 mM Mg and 5.9 mM K near the bottom 

Figure F30. Concentration profiles, sedimentary carbonate TOC contents, 
and magnetic susceptibility, Hole U1478A. Blue bars highlight the sustained 
lows in magnetic susceptibility associated with the deep iron and manga-
nese peaks.
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of Hole U1478A. Both profiles show slight curvature around 100 m 
CSF-A with near linear trends below this depth, suggesting that up-
take into clays may be focused in this mid-depth interval.

Alkalinity, phosphate, and pH
Alkalinity is 6.7 mM at 3.90 m CSF-A and increases to a maxi-

mum of 9.80 mM at 16.40 m CSF-A. Phosphate concentrations are 
relatively high in the upper tens of meters, peaking at 17.3 μM at 
6.90 m CSF-A. Phosphate decrease downhole to below detection 
limits at the base of the section (Figure F33). pH increases down-
hole from ~7.4 at 3.90 m CSF-A to a maximum of 8.1 at 224.19 m 
CSF-A.

Iron and manganese
In Hole U1478A, dissolved iron concentrations are 2.2 μM at 

3.90 m CSF-A, increasing to 11.7 at 15.15 m CSF-A and then de-
creasing to relatively low values downhole. Two secondary peaks of 
13.0 and 8.3 μM are present at 148.41 and 167.47 m CSF-A, respec-
tively (Figures F30, F34). One measurement, of 39.9 μM, was out-
side of the calibration range, occurs at 63.15 m CSF and is 
considered an outlier. The downhole dissolved manganese profile 
nearly parallels the iron profile, with maxima of 2.0 μM at 15.15 and 
148.41 m CSF-A; between these depths values are low (0.3–0.8 μM). 
The coincident peaks recorded in dissolved Fe and Mn at 148.41 m 
CSF-A indicate the presence of a redox front where Fe and Mn are 
being remobilized from their oxidized, solid phases.

Sulfate and barium
Sulfate concentrations in Hole U1478A decrease rapidly down-

hole from 23.4 mM at 3.90 m CSF-A to below the detection limit at 
72.65 m CSF-A (Figure F34). This is the result of microbial sulfate 
reduction, in which sulfate is used as an electron receptor in the an-
aerobic oxidation of organic matter:

53 SO4
2– + (CH2O)106(NH3)16(H3PO4) → 39 CO2 + 67 HCO3

– +  
16 NH4

+ + 53 HS– + 39 H2O + HPO4
2–.

The disappearance of sulfate in interstitial water coincides with 
the increase in methane from the detection limit to ~5 ppmv, which 
is indicative of the sulfate–methane transition zone and suggests ex-
tensive microbial activity in this sediment, similar to Site U1477, 
and likely due to the more rapid accumulation of organic carbon at 
these sites. In sediment where sulfate reduction is rapid and intense 
dissolution of barite (BaSO4) is also high. In Hole U1478A, barium 
increases from minimum concentrations of <1 μM in the upper 
53.65 m CSF-A to ~20 μM at the base of Hole U1478A (Figures F30, 
F34). This trend is consistent with a steady dissolution of barite 
where the sediment is undersaturated with respect to barite caused 
by the absence of sulfate.

Calcium and strontium
Calcium concentrations in interstitial water in Hole U1478A de-

crease from a maximum of 8.6 mM at 3.90 m CSF-A to low values of 
4.7–5.2 mM between 63.15 and 100.91 m CSF-A and again below 
186.65 m CSF-A (Figure F35). In between the two low intervals, the 
elevated calcium values between 100.91 and 186.65 m CSF-A are 
approximately coincident with the increases in Fe and Mn concen-
trations, again potentially indicative of a lithologic change that en-
hanced dissolution, in this case, of calcite. The downhole strontium 
profile increases to a maximum concentration of 128.5 μM at 91.70 

m CSF-A followed by a decrease to a relatively steady value of ~100 
μM between 100.91 and 200.64 m CSF-A with a slight increase to-
ward the bottom of the section.

Silicon, lithium, and boron
The downhole silicon profile in Hole U1478A displays relatively 

high and steady concentrations around 500 μM in the upper ~91.70 

Figure F33. Alkalinity, dissolved phosphate, and pH profiles, Holes U1478A 
(blue) and U1478B (red).

10864

Alkalinity (mM)

20151050

PO4
3– (µM)

8.48.28.07.87.67.4

pH

250

200

150

100

50

0

D
ep

th
 C

S
F

-A
 (

m
)

Figure F34. Dissolved iron, manganese, sulfate, and barium, Holes U1478A 
(blue) and U1478B (red). Samples with values below the detection limit are 
plotted as zeros. The open circle represents a single sulfate measurement 
outlier.

250

200

150

100

50

0

D
ep

th
 C

S
F

-A
 (

m
)

151050

Fe (µM)
3210

Mn (µM)
302520151050

SO4
2– (mM)

20151050

Ba (µM)

Figure F35. Dissolved calcium and strontium profiles, Holes U1478A (blue) 
and U1478B (red). 

250

200

150

100

50

D
ep

th
 C

S
F

-A
 (

m
)

IODP Proceedings 29 Volume 361



I.R. Hall et al. Site U1478
m CSF-A, below which concentrations tend to decrease toward a 
minimum value of ~100 μM at the base of Hole U1478A (Figure 
F36). As with calcium, iron, and manganese, silicon also shows a 
distinct peak mid-section centered on 160 m CSF-A.

Lithium concentrations vary between 28 and 42 μM with two 
distinct peaks at ~40 and 160 m CSF-A. A maximum lithium con-
centration of 41.7 μM occurs at 157.63 m CSF-A. Boron concentra-
tions are noisy but decrease from >500 μM in the upper 25 m CSF-
A to a minimum of 348.9 μM at 214.71 m CSF-A.

Bulk sediment geochemistry
Total organic carbon

Total organic carbon varies from 0 to 1.25 wt% with an average 
of 0.45 wt% for all samples measured (Figure F30). No systematic 
pattern relating organic carbon to carbonate or other lithologic 
properties such as magnetic susceptibility is observed.

Calcium carbonate
Calcium carbonate content ranges between 16 and 55 wt% with 

an average of 28 wt% at Site U1478 (Figure F30). The large spikes in 
carbonate content may be due to preferential sampling of carbon-
ate-rich shell-bearing intervals. No significant trend in carbonate 
content was observed at Site U1478.

Major and trace elements
Major and trace element concentrations were measured for 26 

samples (Table T14). Concentrations are close to those of average 
upper continental crust (Taylor and McLennan, 1985), especially af-
ter normalizing for calcium carbonate dilution by dividing the mea-
sured concentrations by [100 – CaCO3 (wt%)]. Calcium and 
strontium are enriched by the presence of calcium carbonate. Tita-
nium is also enriched above upper crustal values. Like Site U1477, 
few elements show any significant correlation with aluminum oxide 
content (Figure F37). Here, CaO and Sr concentrations are inversely 
correlated with Al2O3, and FeO concentrations are positively cor-
related with Al2O3.

Downhole, Ca/Al and Ba/Al profiles are almost constant, except 
for a few outliers, which is consistent with the lack of any downhole 
trend in carbonate content at Site U1478 (Figure F38). Downhole 
variations in Si/Al values generally mirror those of Fe/K, which may 
indicate changes in sediment provenance between more and less 
heavily weathered terranes. A broad relationship exists between 

CaCO3 and Fe/K and the magnetic susceptibility record for Hole 
U1478A.

Paleoredox boundaries
Interstitial water iron and manganese data show a pair of sec-

ondary peaks centered around 85 and 150 m CSF-A in Hole 
U1478A. The peaks lie well below shallow subsurface depths (<10 

Figure F36. Dissolved silicon, lithium, and boron profiles, Holes U1478A 
(blue) and U1478B (red).
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Figure F37. Sedimentary major and trace element concentrations versus alu-
minum oxide content, Hole U1478A.
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Figure F38. Calcium carbonate and TOC, magnetic susceptibility, and bulk 
sediment elemental ratios, Hole U1478A.
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m) where they typically occur due to dissolution of authigenic 
phases and subsequent reprecipitation and sit just above marked 
lows in magnetic susceptibility at ~88 and 160 m CSF-A (Figure 
F30). These peaks may reflect paleoredox boundaries, where oxida-
tion of organic matter has resulted in the persistent production of 
dissolved iron and manganese. These boundaries may occur be-
cause of the rapid deposition of organic carbon, which has subse-
quently been consumed by respiration. They could also reflect 
significant fluctuations in the sedimentation (either rates or poros-
ity/permeability) such that the redox boundary remained stationary 
for a period of time and then rapidly jumped higher in the section 
after a large depositional event. The low intervals in magnetic sus-
ceptibility that occur at the base of and between the iron peaks may 
reflect a distinct depositional phase that impeded the steady migra-
tion of the redox front upward, forcing the boundary to jump 
depths. No matter the cause of the deep iron and manganese peaks, 
it appears that the decreasing trend in magnetic susceptibility be-
tween 100 and 160 m CSF-A reflects the diagenetic loss of magnetic 
minerals rather than a substantial sedimentologic change (Figure 
F30; also see Paleomagnetism).

Age model
A total of 257 m of middle Pliocene to Late Pleistocene sediment 

was recovered from Hole U1478A. The age model is based on the 
biochronologies of calcareous nannofossils and planktonic foramin-
ifers and magnetostratigraphy. Biostratigraphic sampling in Hole 
U1478A included 32 core catcher samples as well as 78 working-half 
samples for calcareous nannofossils and 75 samples for foramini-
fers. We report biostratigraphic events in Tables T4 and T5, 
magnetostratigraphic events in Table T11, and major age-depth 
trends in Figure F39.

The age-depth relationship is consistent with a sedimentation 
rate of 9.2 cm/ky in the upper 190 m CSF-A of Hole U1478A. All 
chronostratigraphic markers are in good agreement in the upper 
110 m CSF-A. Below this depth, calcareous nannofossils suggest 
younger ages than foraminifers at equivalent depths, and paleo-
magnetic datums are more aligned with those of the calcareous 
nannofossils. From 120 m CSF-A to near the bottom of the recov-
ered sequence, most planktonic foraminifer datums imply a lower 
and relatively constant sedimentation rate of ~5.3 cm/ky. In con-
trast, calcareous nannofossils, two of the planktonic foraminifer da-
tums, and one paleomagnetic datum are in agreement with 
continued high sedimentation rates of 9.2 cm/ky downhole to ~195 
m CSF-A (~2.15 Ma). The sedimentation rate falls to ~2.9 cm/ky 
from 195 m CSF-A to the bottom of the sequence. Both calcareous 
nannofossils and planktonic foraminifer datums, if extrapolated 
from the best-fit of data below 200 m CSF-A, suggest the bottom 
hole age is ~4.1 Ma.

Several intervals where the age-depth relationship may be used 
to imply higher sedimentation rates than those estimated above 
(Figure F39) are present in Hole U1478A. For instance, a step in the 
calcareous nannofossil datums from 95 to 117 m CSF-A (~1.05–
1.15 Ma) may suggest a short-term increase in sedimentation rates 
to almost 22 cm/ky, and a longer step between 150 and 196 m CSF-
A (~1.77–2.13 Ma) may indicate sedimentation rates as high as 12.5 
cm/ky. However, these two intervals are observed within those sed-
iment sections that were characterized by thick sandy beds. In addi-
tion, the 150–196 m increase in implied sedimentation rates from 

calcareous nannofossils corresponds to a large discrepancy in the 
locations of calibrated calcareous nannofossil and planktonic fora-
minifer datums. Indeed, some of the most problematic datums are 
the base common occurrence of D. triradiatus (2.14 Ma), the top 
occurrence of D. pentaradiatus (2.39 Ma), and the extinction of G. 
pseudomiocenica (2.39 Ma); these events, although of similar age, 
are separated by as much as 22 m of cored record. All these datums 
have been in close agreement at other Expedition 361 sites, making 
the present discrepancy in their stratigraphic positions within Hole 
U1478A somewhat puzzling. Discoaster pentaradiatus and G. 
pseudomiocenica events and other calcareous nannofossil datums 
are also very well marked by abundant occurrences and high reli-
ability scores, suggesting that rarity or discontinuous occurrences is 
not likely to be the explanation for the discrepancies between the 
fossil groups. For these reasons we consider the variations in sedi-
mentation rates from foraminifer and nannofossil datums are likely 
to reflect sedimentary processes rather than miscalibrations or un-
dersampling of the record. Because nannofossils are abundant in all 
samples, we do not consider it likely that the discrepancy is due to 
significant removal of nannofossils by the sand bodies emplacement 
process. However, we do not have a clear hypothesis that might ex-
plain the apparent upward reworking of foraminifers, especially 
considering that the fossils that represent these datums are abun-
dant in the samples. Perhaps ecological exclusion could be an expla-
nation. In any case, we advise that this potential lithologic bias be 
considered when planning for sampling.

The lithology from which samples were collected could poten-
tially have led to the difference in the biochronologies. Calcareous 
nannofossil slides were mainly prepared from the silty clay intervals 
focusing the investigation on missing markers and sediment charac-
teristics (if applicable). Planktonic foraminifer samples were instead 
taken at regular depth horizons (typically 70–72 cm in a section) 
and, by chance, sampled primarily in sandy intervals. Despite the 
different sampling approach, the datum divergence between the two 

Figure F39. Age-depth relationships based on planktonic foraminifers, cal-
careous nannofossils, and magnetostratigraphy from Hole U1478A. Line 
segment fits through parts of the record reflect a series of different choices 
for interpreting the combined chronological information. 
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microfossil groups occurs when nannofossils were collected from 
both silty and sandy layers. The sandy sediment might expose both 
microfossil groups to, for example, reworking by bottom currents; 
however, calcareous nannofossils are still abundant in these layers 
and do not display a clear reworking signal. Also, the interpretation 
of hydrodynamic controls does not explain the convergence of the 
datums collected from different types of sediment.

It is plausible that some planktonic foraminifer datums may be 
miscalibrated. Sinha and Singh (2008) analyzed the foraminifer da-
tums at Site 763, on the Exmouth Plateau, northwest Australia, a 
site characterized by partial magnetostratigraphy. Their calibration 
differs substantially from that of Gradstein et al. (2012). Merging 
calibrations of Sinha and Singh (2008) with the Gradstein et al. 
(2012) timescale reduces some of the mismatches between foramin-
ifer and calcareous nannofossil datums. The most significant differ-
ences are found for the base occurrence of N. dutertrei, absent in the 
Gradstein et al. (2012) calibration, and top occurrences of both P. 
primalis and D. altispira, which differ by 0.82 and 0.42 my from the 
Gradstein et al. (2012) calibration, respectively. We caution against 
uncritical acceptance of the Sinha and Singh (2008) calibrations be-
cause, in our opinion, the paleomagnetic record is not as clear-cut 
as implied by the authors. However, we agree that the recalibration 
of some datums is necessary.
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