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Background and objectives
International Ocean Discovery Program (IODP) Site U1523 is

located on the southeastern flank of the Iselin Bank, ~50 km north-
east of the Pennell Basin, at 74°9.02′S, 176°47.70′W in 828 m of wa-
ter (Figure F1). The site is on the outermost continental shelf
(Figure F2) and lies beneath the modern-day Antarctic Slope Cur-
rent (ASC) (Orsi and Wiederwohl., 2009). The targeted sediments
are drift deposits characterized by stratified, parallel, high- to me-
dium-amplitude seismic reflectors. High-resolution single-channel
seismic-reflection Profile IT17RS-301 shows an unconformity at
1450 ms two-way traveltime (TWT) at Site U1523 between an on-
lapping wedge-shaped unit that pinches out toward the northern
edge of the bank below (yellow wedge in Figure F2) and a more tab-
ular shaped unit above. This wedge shape and its internal facies may
suggest a change in the current flow pattern. A planar sheet-like
flow over the bank may explain the tabular shape above the uncon-
formity. Below the unconformity, the internally stratified, wedge-
shaped unit downlaps and onlaps onto a reflector that is tentatively
interpreted to be Ross Sea Unconformity (RSU) 4 on the basis of the
correlation of seismic reflectors from the central Ross Sea to Site
U1523. The lower units below this unconformity are lens shaped
and pinch out or onlap toward the northern edge of the bank and
upsection, suggesting a different depositional environment that was
possibly influenced by local glacial ice caps forming on the Iselin
Bank. Seismic-reflection Profile IT94-127A (Figure F3) shows
wedge-shaped stratified units filling faulted continental basement

Figure F1. Bathymetric map with locations of Site U1523, other Expedition
374 sites, DSDP Leg 28 Sites 270–273, and ANDRILL Cores AND-1 and AND-2.
Red box = location of inset map with Site U1523 at the intersection of seis-
mic-reflection Profiles IT17RS-301 (Figure F2) and IT94AR-127A (Figure F3).
Green line = seismic-reflection Profile IT89A-29 (Figure F4). Bathymetry from
Arndt et al. (2013).
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basins (at 2000 ms TWT) that are ~5 km wide and 200 ms TWT 
deep.

Undulations in the seafloor and subseafloor reflectors occur to-
ward the top of the bank, 12 km west of Site U1523, and are inter-
preted as iceberg scour marks (Figure F2). The scour marks 
crosscut into the youngest strata, and iceberg keels ploughing into 
the sediment would act to remobilize sediment deposited near the 
top of the bank. Higher on the bank, ~80 km west, seismic-reflec-

tion profiles show flat-topped ridges that are interpreted to repre-
sent grounding-zone wedges (green wedge in Figure F4). Ice sheet 
models suggest that during the Last Glacial Maximum (LGM), these 
wedges likely formed as a consequence of eastward ice flow and 
subglacial deposition from an ice divide on the bathymetric high of 
the Pennell Bank (Golledge et al., 2013). Consequently, sediment 
supply at Site U1523 could come from a combination of sources, in-
cluding alongslope delivery of ice-rafted debris (IRD) and sus-

Figure F2. Top: single-channel seismic-reflection Profile IT17RS-301 with Site U1523 (see inset in Figure F1) at the crosspoint with Profile IT94AR-127A. Profile 
collected by Istituto Nazionale di Oceanografia e Geofisica Sperimentale (OGS, Italy) under Programma Nazionale delle Ricerche in Antartide (PNRA) and EU 
Eurofleets-ANTSSS project in 2017 (Gales, et al., unpubl. data) with a 2 × GI gun array in harmonic mode (3.44 L). Data were acquired with a 10 m streamer (10 
channels; near offset nominally 40 m) towed at a nominal depth of 1–1.5 m below the surface. SP = shotpoint. Bottom: interpretation of key seismic reflectors 
in Profile IT94AR-127A.
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pended sediment from the east via the ASC, downslope delivery 
from glacial outwash at the margin of an ice sheet grounded on the 
northernmost Pennell Bank west of the site, downslope delivery by 
suspended sediment scoured by icebergs west of the site, and/or pe-
lagic sedimentation. Bottom currents associated with the ASC in 
this region are modeled to be between ~10 and 20 cm/s (Padman et 
al., 2003), and winnowing of fines is expected during periods of en-
hanced bottom-current flow. Jacobs et al. (1974) reported strong di-
urnal signals and average and maximum velocities of >17 and 40 
cm/s, respectively, at 4 m above the seafloor in 527–1201 m water 
depth in the Ross Sea.

The primary objectives at Site U1523 were to reconstruct fluc-
tuations in the ASC vigor during the Neogene and Quaternary (Ob-
jective 3 in Scientific objectives in the Expedition 374 summary 
chapter [McKay et al., 2019b]) and to recover a high-resolution re-
cord that can be correlated to more direct records of ice sheet ad-

vance and retreat from the continental shelf (e.g., Site U1522 and 
Antarctic Geological Drilling Project [ANDRILL] Site AND-1B 
[Naish et al., 2009]). To achieve these objectives, coring at Site 
U1523 aimed to sample the upper sedimentary section above RSU4. 
The Site U1523 record of deposition and winnowing beneath the 
ASC will allow us to test the hypothesis that changes in the strength 
of this wind-driven ocean current regulated the southward trans-
port of warm Circumpolar Deep Water onto the Ross Sea continen-
tal shelf during past ice sheet retreat events. Another objective is the 
reconstruction of ice-proximal oceanic temperatures and surface-
water properties during periods of pelagic/hemipelagic sedimenta-
tion, thus constraining the magnitude of polar amplification during 
past warm periods of the Neogene and Quaternary (Objective 2). 
An additional objective is to identify processes that govern sedi-
ment transfer from the outermost continental shelf to the upper 
continental slope/rise.

Figure F3. Multichannel seismic-reflection Profile IT94AR-127A across Site U1523 (see inset in Figure F1) at the crosspoint with Profile IT17RS-301. Profile col-
lected by Istituto Nazionale di Oceanografia e Geofisica Sperimentale (OGS, Italy) under Programma Nazionale delle Ricerche in Antartide (PNRA) in 1994 
(Finetti et al., unpubl. data) with a 2 × 20 air gun (74.8 L). Data were acquired with a 1500 m streamer (120 channels; first offset = 164 m; last offset = 1664 m). 
The seismic stack profile is available for scientific purposes through the Antarctic Seismic Data Library System. Profile reprocessing for Expedition 374 was 
done by Riccardo Geletti (OGS, unpubl.).
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Operations
Site U1523 (proposed Site RSCR-14A) is an alternate site that 

was occupied after coring at Site U1522 demonstrated that core re-
covery would likely be poor in the targeted upper interval of the 
original proposed primary Site EBOCS-04B. We planned to core 
two holes, one with the advanced piston corer (APC) system to re-
fusal followed by an APC/extended core barrel (XCB) hole to 450 m 
drilling depth below seafloor (DSF). Instead, we ultimately cored 
five holes at Site U1523 because difficult coring conditions required 
additional holes to achieve the objectives (Table T1). Prior to cor-
ing, we conducted a seafloor camera survey to ensure we could 
avoid large rocks. The survey included tagging the seafloor at four 
potential hole locations.

Hole U1523A was cored with a combination of the APC and 
half-length APC (HLAPC) coring systems to 46.3 m DSF, where we 
were unable to land the HLAPC core barrel. The hole was termi-
nated, and we pulled the drill string above the seafloor to try to 
clean out the bottom-hole assembly (BHA). After we were unable to 
reestablish circulation through the drill string, we had to pull the 
pipe back to the surface to clean the debris (rocks and sand/gravel) 
from the BHA. The debris was curated as a ghost core. The 
APC/XCB BHA was reassembled and run back to the seafloor, and 

Hole U1523B was cored to a final depth of 164.4 m DSF. Toward the 
end of coring operations in Hole U1523B, hole cleaning became a 
problem, and off-bottom torque steadily increased despite efforts to 
clean the hole. In addition, rotary coring with the XCB system 
yielded very poor recovery, so we terminated operations in Hole 
U1523B with the intention of using the HLAPC system in Hole 
U1523C to target specific stratigraphic gaps not recovered in Holes 
U1523A and U1523B. After pulling clear of the seafloor for Hole 
U1523B, our ability to circulate through the bit jets was apparently 
compromised. After attempting to clear the bit jets, we started Hole 
U1523C and drilled without coring to 43.3 m DSF. At that depth, we 
completely lost circulation through the drill string and were forced 
to terminate Hole U1523C. The drill string was pulled back to the 
rig floor.

We then decided to use the rotary core barrel (RCB) system to 
core and log to at least 300 m DSF. Hole U1523D was drilled with-
out coring from the seafloor to 135.0 m DSF. RCB coring then pen-
etrated from 130.5 m DSF to a final depth of 307.8 m DSF. We opted 
not to deepen the hole further because of very poor recovery (0.9 m; 
0.5%). At the end of coring operations, the hole was displaced with 
heavy mud (10.5 lb/gal) and logged with two tool strings: a modified 
triple combination (triple combo) and the Formation MicroScanner 
(FMS). The Dipole Sonic Imager (DSI) was run on the triple combo 

Figure F4. Top: multichannel seismic-reflection Profile IT89A-29 (green line in Figure F1). Bottom: interpretation of key seismic reflectors. Profile collected by 
Istituto Nazionale di Oceanografia e Geofisica Sperimentale (OGS, Italy) under Programma Nazionale delle Ricerche in Antartide (PNRA) in 1989 (Brancolini et 
al., unpubl. data) with a 2 × 160 air gun array (45.16 L). Data were acquired with a 3000 m streamer (120 channels; first offset = 170 m; last offset = 3170 m). The 
seismic-reflection stack profile is available for scientific purposes through the Antarctic Seismic Data Library System.
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Table T1. Core summary, Site U1523. CSF = core depth below seafloor, DRF = drilling depth below rig floor, DSF = drilling depth below seafloor. APC = 
advanced piston corer, HLAPC = half-length APC, XCB = extended core barrel, RCB = rotary core barrel, BHA = bottom-hole assembly. Core type: H = APC, F = 
HLAPC, X = XCB, R = RCB, numeric core type = drilled interval. (Continued on next two pages.) Download table in CSV format.

Hole U1523A Hole U1523B
Latitude: 74°09.0172′S Latitude: 74°09.0179′S
Longitude: 176°47.7067′W Longitude: 176°47.6660′W
Water depth (m): 828.02 Water depth (m): 827.99
Date started UTC (h): 28 January 2018, 1318 Date started UTC (h): 29 January 2018, 1550
Date finished UTC (h): 29 January 2018, 1550 Date finished UTC (h): 31 January 2018, 0440
Time on hole (days): 1.11 Time on hole (days): 1.53
Seafloor depth DRF (m): 839.0 Seafloor depth DRF (m): 839.0
Seafloor depth calculation method: Observed seafloor tag with subsea camera Seafloor depth calculation method: Observed seafloor tag with subsea camera
Rig floor to sea level (m): 10.98 Rig floor to sea level (m): 11.01
Drilling system: 11-7/16 inch APC/XCB DB297 Drilling system: 11-7/16 inch APC/XCB DB297
Penetration DSF (m): 46.3 Penetration DSF (m): 164.4
Cored interval (m): 46.3 Cored interval (m): 121.2
Recovered length (m): 33.51 Recovered length (m): 45.13
Recovery (%): 72 Recovery (%): 37
Total cores (no.): 8 Drilled interval (m): 43.2
APC cores (no.): 3 Drilled interval (no.): 2
HLAPC cores (no.): 4 Total cores (no.): 22
Ghost cores (no.): 1 APC cores (no.): 1
Age of oldest sediment cored: Pleistocene HLAPC cores (no.): 13

XCB cores (no.): 8
Hole U1523C Age of oldest sediment cored: late Miocene

Latitude: 74°09.0288′S
Longitude: 176°47.6680′W Hole U1523D
Water depth (m): 827.99 Latitude: 74°09.0288′S
Date started UTC (h): 31 January 2018, 0440 Longitude: 176°47.7087′W
Date finished UTC (h): 31 January 2018, 1230 Water depth (m): 827.97
Time on hole (days): 0.33 Date started UTC (h): 31 January 2018, 1230
Seafloor depth DRF (m): 839.0 Date finished UTC (h): 2 February 2018, 1340
Seafloor depth calculation method: Observed seafloor tag with subsea camera Time on hole (days): 2.05
Rig floor to sea level (m): 11.01 Seafloor depth DRF (m): 839.0
Drilling system: 11-7/16 inch APC/XCB DB297 Seafloor depth calculation method: Observed seafloor tag with subsea camera
Penetration DSF (m): 43.3 Rig floor to sea level (m): 11.03
Cored interval (m): 0 Drilling system: 9-7/8 inch RCB DC662
Drilled interval (m): 43.3 Penetration DSF (m): 307.8
Drilled interval (no.): 1 Cored interval (m): 172.8

Recovered length (m): 0.9
Hole U1523E Recovery (%): 0.5

Latitude: 74°09.0290′S Drilled interval (m): 135.0
Longitude: 176°47.7491′W Drilled interval (no.): 1
Water depth (m): 827.88 Total cores (no.): 18
Date started UTC (h): 2 February 2018, 1340 RCB cores (no.): 18
Date finished UTC (h): 3 February 2018, 1647 Age of oldest sediment cored: middle Miocene
Time on hole (days): 1.13
Seafloor depth DRF (m): 839.0
Seafloor depth calculation method: Offset from previous hole
Rig floor to sea level (m): 11.12
Drilling system: 11-7/16 inch APC/XCB DB297
Penetration DSF (m): 130.8
Cored interval (m): 84.7
Recovered length (m): 54.08
Recovery (%): 64
Drilled interval (m): 46.1
Drilled interval (no.): 8
Total cores (no.): 17
APC cores (no.): 1
HLAPC cores (no.): 16
Age of oldest sediment cored: late Miocene

Depth DSF (m) Depth CSF (m)

Core Date

Time on 
deck 

UTC (h)

Top 
of 

interval

Bottom 
of 

interval

Interval 
advanced 

(m)

Top of 
cored 

interval

Bottom of 
cored 

interval

Length of core 
recovered 

(m)

Length of 
core curated 

(m)
Recovery 

(%)
Sections 

(N) Comments

374-U1523A-
1H 28 Jan 2018 2200 0.0 8.5 8.5 0.0 8.51 8.51 8.51 100 7
2H 29 Jan 2018 0010 8.5 18.0 9.5 8.5 16.01 7.51 7.51 79 8 Replace inner core barrel seals
3H 29 Jan 2018 0125 18.0 27.5 9.5 18.0 25.20 7.20 7.20 76 9 Partial stroke; broken core liner; 

pumped out
IODP Proceedings 5 Volume 374



R.M. McKay et al. Site U1523
4F 29 Jan 2018 0430 27.5 32.2 4.7 27.5 30.98 3.48 3.48 74 4 Replace piston seals; pump out 
liner

5F 29 Jan 2018 0515 32.2 36.9 4.7 32.2 33.32 1.12 1.12 24 2 Pump out liner
6F 29 Jan 2018 0610 36.9 41.6 4.7 36.9 41.64 4.74 4.74 101 5
7F 29 Jan 2018 0640 41.6 46.3 4.7 41.6 42.55 0.95 0.95 20 2 Partial stroke; BHA plugged; 

terminate hole
8G 29 Jan 2018 1600 0.0 46.3 46.3 0.0 46.3  0 Rock, sand, gravel in BHA

Hole U1523A totals: 46.3 33.51 72 37

374-U1523B-
1H 29 Jan 2018 2210 0.0 8.5 8.5 0 8.49 8.49 8.49 100 7
21 30 Jan 2018 0200 8.5 46.7 38.2 *****Drilled from 8.5 to 46.7 m DSF without coring*****
3F 30 Jan 2018 0235 46.7 51.4 4.7 46.7 49.50 2.80 2.80 60 3 Broken liner
4F 30 Jan 2018 0320 51.4 56.1 4.7 51.4 51.40 0.00 0.00 0 0
5F 30 Jan 2018 0355 56.1 60.8 4.7 56.1 60.37 4.27 4.27 91 4
6F 30 Jan 2018 0430 60.8 65.5 4.7 60.8 60.80 0.00 0.00 0 0
7F 30 Jan 2018 0510 65.5 70.2 4.7 65.5 70.30 4.80 4.80 102 4
8F 30 Jan 2018 0540 70.2 74.9 4.7 70.2 74.76 4.56 4.56 97 4 Shattered liner
9F 30 Jan 2018 0625 74.9 79.6 4.7 74.9 76.19 1.29 1.29 27 2 Shattered liner; pumped out
10F 30 Jan 2018 0710 79.6 84.3 4.7 79.6 84.15 4.55 4.55 97 5
11F 30 Jan 2018 0735 84.3 89.0 4.7 84.3 86.38 2.08 2.08 44 4
12F 30 Jan 2018 0810 89.0 93.7 4.7 89.0 89.92 0.92 0.92 20 1 Shattered liner; pumped out
13F 30 Jan 2018 0850 93.7 93.8 0.1 93.7 93.72 0.02 0.02 20 1 Partial stroke
14X 30 Jan 2018 1015 93.8 100.7 6.9 93.8 93.94 0.14 0.14 2 1 Shattered liner
15X 30 Jan 2018 1140 100.7 103.2 2.5 100.7 100.70 0.00 0.00 0 0 Shattered liner
16X 30 Jan 2018 1420 103.2 103.3 0.1 103.2 103.20 0.00 0.00 0 0
171 30 Jan 2018 1635 103.3 108.3 5.0 *****Drilled from 103.3 to 108.3 m DSF without coring*****
18X 30 Jan 2018 1745 108.3 117.9 9.6 108.3 108.56 0.26 0.26 3 1
19X 30 Jan 2018 1855 117.9 127.5 9.6 117.9 118.16 0.26 0.26 3 1
20F 30 Jan 2018 1950 127.5 132.0 4.5 127.5 132.03 4.53 4.53 101 4 Partial stroke
21F 30 Jan 2018 2120 132.0 135.6 3.6 132.0 135.66 3.66 3.66 102 4 Drillover
22X 30 Jan 2018 2320 135.6 145.2 9.6 135.6 135.74 0.14 0.14 1 1
23X 31 Jan 2018 0020 145.2 154.8 9.6 145.2 146.79 1.59 1.59 17 2
24X 31 Jan 2018 0210 154.8 164.4 9.6 154.8 155.57 0.77 0.77 8 2

Hole U1523B totals: 164.4 45.13 37 51

374-U1523C-
11 31 Jan 2018 0930 0 43.3 43.3 *****Drilled from 0 to 43.3 m DSF without coring***** Plugged jets on BHA; terminate 

hole
Hole U1523C totals: 43.3

374-U1523D-
11 31 Jan 2018 2315 0.0 135.0 135.0 *****Drilled from 0 to 135 m DSF without coring*****
2R 1 Feb 2018 0020 135.0 144.6 9.6 135.0 135.14 0.14 0.14 1 1
3R 1 Feb 2018 0120 144.6 154.2 9.6 144.6 144.73 0.13 0.13 1 1
4R 1 Feb 2018 0220 154.2 163.8 9.6 154.2 154.25 0.05 0.05 1 1
5R 1 Feb 2018 0320 163.8 173.4 9.6 163.8 163.87 0.07 0.07 1 1
6R 1 Feb 2018 0415 173.4 183.0 9.6 173.4 173.40 0.00 0.00 0 0
7R 1 Feb 2018 0510 183.0 192.6 9.6 183.0 183.04 0.04 0.04 0 1
8R 1 Feb 2018 0610 192.6 202.2 9.6 192.6 192.73 0.13 0.13 1 1
9R 1 Feb 2018 0705 202.2 211.8 9.6 202.2 202.20 0.00 0.00 0 0
10R 1 Feb 2018 0800 211.8 221.4 9.6 211.8 211.85 0.05 0.05 1 1
11R 1 Feb 2018 0900 221.4 231.0 9.6 221.4 221.56 0.16 0.16 2 1
12R 1 Feb 2018 0955 231.0 240.6 9.6 231.0 231.00 0.00 0.00 0 0
13R 1 Feb 2018 1040 240.6 250.2 9.6 240.6 240.67 0.07 0.07 1 1
14R 1 Feb 2018 1140 250.2 259.8 9.6 250.2 250.20 0.00 0.00 0 0
15R 1 Feb 2018 1240 259.8 269.4 9.6 259.8 259.86 0.06 0.06 1 1
16R 1 Feb 2018 1345 269.4 279.0 9.6 269.4 269.40 0.00 0.00 0 0
17R 1 Feb 2018 1445 279.0 288.6 9.6 279.0 279.00 0.00 0.00 0 0 Deplugger
18R 1 Feb 2018 1620 288.6 298.2 9.6 288.6 288.60 0.00 0.00 0 0
19R 1 Feb 2018 1820 298.2 307.8 9.6 298.2 298.20 0.00 0.00 0 0

Hole U1523D totals: 307.8 0.90 0.5 10

374-U1523E
1H 2 Feb 2018 1920 0.0 9.5 9.5 0 9.86 9.86 9.86 104 8
21 2 Feb 2018 1950 9.5 16.0 6.5 *****Drilled from 9.5 to 16 m DSF without coring*****
3F 2 Feb 2018 2000 16.0 20.7 4.7 16.0 20.80 4.80 4.80 102 5 Replace piston seals
4F 2 Feb 2018 2025 20.7 25.4 4.7 20.7 24.28 3.58 3.58 76 4
51 2 Feb 2018 2040 25.4 30.0 4.6 *****Drilled from 25.4 to 30 m DSF without coring*****

Depth DSF (m) Depth CSF (m)

Core Date

Time on 
deck 

UTC (h)

Top 
of 

interval

Bottom 
of 

interval

Interval 
advanced 

(m)

Top of 
cored 

interval

Bottom of 
cored 

interval

Length of core 
recovered 

(m)

Length of 
core curated 

(m)
Recovery 

(%)
Sections 

(N) Comments

Table T1 (continued). (Continued on next page.)
IODP Proceedings 6 Volume 374



R.M. McKay et al. Site U1523
tool string instead of the FMS tool string, and the Hostile Environ-
ment Litho-Density Sonde (HLDS) was run without the source for 
measurement of borehole diameter with the caliper only. After 
completion of logging, we used the APC and HLAPC systems to 
spot core in Hole U1523E to cover stratigraphic gaps from Holes 
U1523A and U1523B. Hole U1523E was successfully spot cored to 
130.8 m DSF. After completion of coring, the drill string was recov-
ered, and the rig floor was secured at 0547 h (all times are local ship 
time; UTC + 13 h) on 3 February 2018, ending Hole U1523E and 
Site U1523. A total of 147.5 h (6.15 days) were spent at Site U1523.

We collected a total of 64 cores at Site U1523. The APC coring 
system was deployed 5 times, recovering 41.57 m of sediment (91%). 
The HLAPC coring system was used 33 times, collecting 87.99 m 
(59%). The XCB coring system collected 3.16 m of core (5%) over 8 
cores. The RCB system was deployed 18 times over 172.8 m, recov-
ering 0.9 m (0.5%) (Table T1).

Transit to Site U1523
The 148 nmi transit to Site U1523 was completed in 12.9 h at an 

average speed of 11.5 kt. The vessel arrived at Site U1523 at 0158 h 
on 29 January 2018. The thrusters were lowered and secured at 0218 
h, clearing the drill floor for operations. The acoustic positioning 
beacon was deployed at 1000 h after completing a seafloor survey.

Hole U1523A
Operations for Hole U1523A began with assembling an 

APC/XCB BHA and then lowering the drill string toward the sea-
floor. Because of uncertain seafloor conditions, we decided to sur-
vey the seafloor prior to starting the first hole. After the drill string 
reached 599.1 m drilling depth below rig floor (DRF), we pulled the 
upper guide horn to deploy the subsea camera for the seafloor sur-
vey to look for large rocks in the vicinity of the potential hole loca-
tions. While lowering the subsea camera, we also continued to 

lower the drill string. Because this site is in deeper water than the 
two previous sites (the precision depth recorder indicated 837 m 
DRF), some additional drill pipe had to be drifted (checked that it 
was clear of internal obstructions) and strapped (measured) as it 
was deployed. We picked up the top drive and prepared a nonmag-
netic APC core barrel before conducting the seafloor survey, which 
included tagging the seafloor at four potential hole positions. All tag 
depths were 839 m DRF (828 meters below sea level). An acoustic 
positioning beacon was deployed at 1000 h after completing the 
survey. The vessel was moved back to the first tag location, and we 
left the subsea camera at the seafloor to observe the core barrel 
starting Hole U1523A.

After installing the sinker bars and orientation tool, the first 
APC core barrel was lowered into the drill string with the drill bit at 
838.0 m DRF (1 m above the seafloor tag depth). Hole U1523A was 
started at 1050 h on 22 January 2018. The mudline core recovered 
8.51 m of sediment. We continued to APC core with nonmagnetic 
core barrels and orientation through Core 374-U1523A-3H (0–25.2 
m DSF). Because Core 3H was a partial stroke, we switched to the 
HLAPC system and continued coring through Core 7F (46.3 m 
DSF). While drilling out the cored interval, backflow of 
sand/gravel/stones into the BHA blocked the drill string. Because 
we were unable to land a core barrel or circulate, we abandoned 
Hole U1523A. We pulled the drill string out of the hole and at-
tempted to clear the BHA while it was above the seafloor. We then 
dropped an XCB core barrel with a deplugger; however, this attempt 
to clear the BHA also failed. After the XCB core barrel was re-
trieved, the drill string was pulled to the rig floor, and the BHA was 
disassembled and cleaned of debris. The lockable float valve was 
damaged either by debris or the XCB core barrel. The bit cleared the 
rotary table at 0450 h, ending Hole U1523A. Total time spent in 
Hole U1523A was 26.5 h (1.1 days).

6F 2 Feb 2018 2055 30.0 34.7 4.7 30.0 30.21 0.21 0.21 4 1 Shattered liner (contains gravel); 
pumped out

7F 2 Feb 2018 2155 34.7 39.4 4.7 34.7 35.18 0.48 0.48 10 2
81 2 Feb 2018 2225 39.4 47.8 8.4 *****Drilled from 39.4 to 47.8 m DSF without coring*****
9F 2 Feb 2018 2300 47.8 52.5 4.7 47.8 48.94 1.14 1.14 24 2 Replace piston seals; shattered 

liner; pumped out
10F 2 Feb 2018 2340 52.5 57.2 4.7 52.5 52.55 0.05 0.05 1 1
111 3 Feb 2018 0005 57.2 60.0 2.8 *****Drilled from 57.2 to 60 m DSF without coring*****
12F 3 Feb 2018 0020 60.0 64.7 4.7 60.0 64.85 4.85 4.85 103 5
131 3 Feb 2018 0055 64.7 77.0 12.3 *****Drilled from 64.7 to 77 m DSF without coring*****
14F 3 Feb 2018 0115 77.0 81.7 4.7 77.0 77.02 0.02 0.02 0 1
15F 3 Feb 2018 0210 81.7 86.4 4.7 81.7 86.13 4.43 4.43 94 4
16F 3 Feb 2018 0240 86.4 91.1 4.7 86.4 90.82 4.42 4.42 94 4 Partial stroke
171 3 Feb 2018 0320 91.1 95.1 4.0 *****Drilled from 91.1 to 95.1 m DSF without coring*****
18F 3 Feb 2018 0410 95.1 99.8 4.7 95.1 95.87 0.77 0.77 16 2 Replace inner and outer core barrel 

seals; drill over
191 3 Feb 2018 0530 99.8 105.7 5.9 *****Drilled from 99.8 to 105.7 m DSF without coring*****
20F 3 Feb 2018 0630 105.7 110.4 4.7 105.7 110.40 4.70 4.70 100 5 Drillover
21F 3 Feb 2018 0710 110.4 115.1 4.7 110.4 113.97 3.57 3.57 76 4
221 3 Feb 2018 0740 115.1 116.7 1.6 *****Drilled from 115.1 to 116.7 m DSF without coring*****
23F 3 Feb 2018 0825 116.7 121.4 4.7 116.7 121.50 4.80 4.80 102 5
24F 3 Feb 2018 0920 121.4 126.1 4.7 121.4 123.57 2.17 2.17 46 3 Drillover; shatter liner; pumped 

out
25F 3 Feb 2018 1050 126.1 130.8 4.7 126.1 130.33 4.23 4.23 90 4 Partial stroke; drillover

Hole U1523E totals: 130.8 54.08 64 60
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Table T1 (continued). 
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The APC coring system was deployed three times, recovering 
23.22 m of core over 27.5 m of coring (84%). The HLAPC was de-
ployed four times, collecting 10.29 m of core over 18.8 m of coring 
(55%). Total core recovered for the hole was 33.51 m (72%) (Table 
T1).

Hole U1523B
After clearing out the BHA, the outer core barrel was reassem-

bled and the drill string was lowered toward the seafloor. The vessel 
was positioned 20 m east of Hole U1523A. After picking up the top 
drive, the drill bit was positioned at 838 m DRF (1 m above the sea-
floor) to start Hole U1523B. A nonmagnetic APC core barrel was 
deployed, and Hole U1523B was started at 1100 h on 30 January 
2018. Core 374-U1523B-1H recovered 8.49 m of sediment. We then 
dropped an XCB center bit and advanced the hole without coring to 
46.7 m DSF, observing a hard layer at 45.9 m DSF. After recovering 
the XCB center bit, we deployed a HLAPC core barrel. Coring con-
tinued with Cores 3F through 13F (46.7–93.8 m DSF). We pumped 
20 or 30 bbl mud sweeps every few cores to maintain good hole con-
ditions. Core 13F was a partial stroke, so we switched to the XCB 
coring system. Cores 14X through 16X penetrated from 93.8 to 
103.3 m DSF with almost no recovery. Because Core 16X only ad-
vanced 0.1 m, we dropped the center bit and drilled ahead without 
coring for 5.0 m to try to advance past a very hard layer. We then 
resumed XCB coring and cut Cores 18X and 19X (108.3–127.5 m 
DSF), again with minimal recovery (3%). Because drilling parame-
ters suggested we had successfully passed the hard layers, we 
switched back to the HLAPC coring system for Cores 20F and 21F 
(127.5–135.6 m DSF). We had to drillover Core 21F to release it 
from the formation because of excessive overpull, so we switched 
back to the XCB coring system. We cut Cores 22X through 24X 
(135.6–164.4 m DSF) with minimal recovery (9%). We terminated 
coring at 164.4 m DSF in Hole U1523B due to unstable hole condi-
tions causing excessive torque. In addition, core liners used with the 
XCB system shattered at a high rate (63%) (Table T1), causing sig-
nificant core disturbance. We pumped a 30 bbl mud sweep and 
pulled the drill string clear of the seafloor, ending Hole U1523B at 
2120 h on 31 January. Total time spent in Hole U1523B was 37.0 h 
(1.5 days).

A single APC core recovered 8.49 m over an 8.5 m advance 
(100%). The HLAPC was deployed 13 times, recovering 33.48 m 
over 55.2 m of coring (61%). The XCB was deployed 8 times, collect-
ing 3.16 m over 57.5 m of coring (5%). Total recovery for Hole 
U1523B was 45.13 m (37%) (Table T1).

Hole U1523C
After clearing the seafloor, the vessel was repositioned 20 m 

south of Hole U1523B. Hole U1523C was planned to selectively 
core intervals of poor recovery with the HLAPC system while 
avoiding hard layers encountered in previous holes. We dropped a 
center bit in preparation to start Hole U1523C and noticed high 
pump pressures, indicating clogged jets in the drill bit. After at-
tempting to clear the jets, we started Hole U1523C at 1915 h on 31 
January 2018 and drilled ahead without coring to 43.3 m DSF, where 
we lost circulation through the drill string, forcing us to abandon 
Hole U1523C. The bit cleared the seafloor at 2120 h and was re-
trieved to the rig floor at 0130 h on 1 February, ending Hole 
U1523C. Total time spent in Hole U1523C was 7.75 h (0.3 days) (Ta-
ble T1).

Hole U1523D
After Hole U1523C, we decided to switch to the RCB coring sys-

tem to core and log a deeper hole, intending to core a final 
APC/HLAPC hole if time permitted after logging. The RCB BHA 
was assembled and lowered toward the seafloor. After picking up 
the top drive, we prepared a core barrel with a center bit. Hole 
U1523D was started at 0725 h on 1 February 2018. The hole was 
advanced to 135.0 m DSF without coring. We pumped a 30 bbl 
high-viscosity mud sweep and retrieved the center bit. RCB coring 
continued with Cores 374-U1523D-2R through 19R (135.0–307.8 m 
DSF) with very poor recovery (0.90 m; 0.5%). We pumped 30 bbl 
high-viscosity mud sweeps every 2–3 cores to clear cuttings. We 
terminated coring after reaching our minimum target depth of ~300 
m DSF and prepared the hole for downhole logging by circulating 
two 50 bbl high viscosity–mud sweeps to improve hole conditions. 
The rotary shifting tool (RST) was lowered on the coring line to re-
lease the RCB bit in the bottom of the hole at 0800 h on 2 February. 
After running the RST a second time to shift the sleeve in the me-
chanical bit release back to the circulating position, we displaced 
the hole with 94 bbl of 10.5 lb/gal mud from 307.8 m DSF to the 
seafloor. We then pulled the drill string to 258.5 m DSF, set back the 
top drive, and continued to pull the drill string up to a logging depth 
of 82.3 m DSF. After displacing the upper part of the hole with 20 
bbl of 10.5 lb/gal mud, the drill floor was prepared for downhole 
logging operations at 1130 h on 2 February.

The first logging run consisted of a modified triple combo tool 
string assembled with the following tools:

• Magnetic Susceptibility Sonde (MSS),
• DSI,
• High-Resolution Laterolog Array (HRLA),
• HLDS (without source),
• Hostile Environment Natural Gamma Ray Sonde (HNGS), and
• Enhanced Digital Telemetry Cartridge (EDTC).

The triple combo tool string was lowered into the drill string at 
1320 h on 2 February. The average heave was estimated to be 0.3 m 
just prior to logging. The active heave compensator was switched 
on when the tools reached open hole. A down log was performed 
from just above the seafloor to 292 m wireline logging depth below 
seafloor (WSF), with the tool string reaching to within 15 m of the 
bottom of the hole. The hole was logged up with a 136 m calibration 
pass. The tool string was lowered back to the bottom (288 m WSF), 
and the hole was logged up again. When the tool string neared the 
end of the pipe, it was raised to 67 m DSF to provide additional log 
coverage of the borehole. The tools were back at the surface at 1630 
h on 2 February, and the triple combo tool string was disassembled 
by 1745 h.

The second logging run was with the FMS tool string, which was 
assembled with the FMS, HNGS, and EDTC. The FMS tool string 
was lowered into the hole at 1820 h. Natural gamma radiation 
(NGR) was logged from above the seafloor as the tool string was 
lowered to depth-match results to the first logging run. The FMS 
tool string reached a total depth of 289.6 m WSF, and two upward 
passes were logged. During the second uplog, the end of the pipe 
was raised to 67 m DSF to provide additional coverage of the bore-
hole. The FMS tool string was returned to the rig floor at 2130 h, 
and all logging equipment was disassembled by 2245 h on 2 Febru-
ary. We then began to raise the drill string back toward the rig floor, 
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clearing the seafloor at 2315 h on 2 February. After placing three 
stands of drill collars in the derrick, the outer core barrel was disas-
sembled and inspected. The end of the drill string cleared the rotary 
table at 0240 h on 3 February, ending Hole U1523D. Total time 
spent in Hole U1523D was 49.25 h (2.1 days).

A total of 0.90 m of core was recovered over 172.8 m of RCB 
coring (0.5%) (Table T1).

Hole U1523E
We switched back to the APC/XCB coring system to target 

poorly recovered intervals in Holes U1523A and U1523B. The drill 
string was lowered toward the seafloor, and the bit was set at 830 m 
DRF for the first core. Hole U1523E was started at 0810 h on 3 Feb-
ruary 2018, and Core 374-U1523E-1H recovered a full barrel (9.86 
m). We drilled ahead 9.5 m without coring and then switched to the 
HLAPC coring system and proceeded with spot coring. Over the 
upper ~90 m DSF, spot coring consisted of collecting 1–3 HLAPC 
cores followed by a drilled interval ranging from 2.8 to 12.3 m in 
length (Table T1). Depths were chosen to avoid gravel encountered 
in Holes U1523A and U1523B. Deeper than ~90 m DSF, the coring 
plan included dropping a center bit to drill through hard layers en-
countered between 93 and 95, 104 and 108, and 116 and 117 m DSF, 
with HLAPC cores collected between the hard layers (Table T1). 
This technique proved particularly successful for the interval 
deeper than 100 m DSF, allowing us to fill in substantial gaps in the 
stratigraphy. The last core (25F) in Hole U1523E arrived on deck at 
2350 h on 3 February. After pumping a 30 bbl mud sweep, we left 
the top drive installed while pulling the drill string out of the hole 
because unstable hole conditions caused excessive torque and over-
pull. After clearing the seafloor at 0150 h on 4 February, the top 
drive was set back, and the drill string was retrieved to the vessel. 
The acoustic beacon was released and recovered at 0450 h, and the 
rig floor was secured at 0547 h, ending operations in Hole U1523E 
and Site U1523. A total of 147.50 h (6.15 days) was spent at Site 
U1523.

A single APC core collected 9.86 m of core over 9.5 m of coring 
(104%). The HLAPC system was deployed 16 times, recovering 
44.22 m of core over 75.2 m of coring (59%). Total recovery for Hole 
U1523E was 54.08 m (64%) (Table T1).

Lithostratigraphy
Site U1523 includes four holes with core recovery; the deepest 

hole was cored to 307.8 m DSF. The 133.62 m of sediment recovered 
from Site U1523 is divided into three lithostratigraphic units (Table 
T2). A lithologic summary of Holes U1523A, U1523B, and U1523E 
is shown in Figure F5. Hole U1523C was abandoned before any core 
was recovered. Hole U1523D is a RCB hole cored to 307.8 m DSF 
for downhole logging. Because of very poor recovery (0.5%), Hole 
U1523D is not described in this chapter.

In Hole U1523E, a targeted coring approach improved recovery 
by avoiding coarse-grained (e.g., gravel rich) and indurated layers 
identified by drilling parameters (e.g., penetration rate; see Opera-
tions) in Holes U1523A and U1523B. The dominant facies at this 
site are interbedded on the centimeter/decimeter to meter scale and 
include diatom-rich mud and diatom ooze with dispersed/common 
clasts, diatom-bearing mud/sandy mud, foraminifer-bearing sand, 

sand, and diamict. We define three lithostratigraphic units. Unit I is 
characterized by interbedded diatom-bearing/rich mud, foramin-
ifer- and diatom-bearing muddy sand, and diamict. Unit II contains 
similar lithologies, but diatom content increases and foraminifer 
content decreases relative to Unit I. Unit III lithologies are predom-
inantly siliciclastic with decreasing biogenic components downhole. 
All units contain intervals of poor recovery that are inferred to rep-
resent unconsolidated sand, gravel, and/or diamict layers not recov-
ered by either the HLAPC or XCB coring systems. Photographs of 
primary lithologies and sedimentary structures/accessories are 
shown in Figures F6 and F7, respectively, and summarized in Figure 
F8.

Unit descriptions
Site U1523 is divided into three lithostratigraphic units (I–III; 

youngest to oldest) based on lithologic changes observed downhole 
(Figure F5; Table T2) that were determined using a combination of 
visual core description, microscopic examination of smear slides, 
and color spectral observations (see Lithostratigraphy in the Expe-
dition 374 methods chapter [McKay et al., 2019a]). In each hole, 
units are defined based on the first and last observation of the defin-
ing lithology (Table T2). On the summary log, the top of each unit is 
drawn as the uppermost depth observed across all holes on the core 
depth below seafloor (CSF-A) depth scale (Figure F5), although 
small differences exist between holes (see Depth scales in the Expe-
dition 374 methods chapter [McKay et al., 2019a]). Missing strati-
graphy resulting from nonrecovery creates greater uncertainty for 
some unit boundaries. A composite stratigraphy will be developed 
postcruise using core and downhole logging data.

Unit I

Interval: 374-U1523A-1H-1, 0 cm, to 6F-1, 0 cm; 374-U1523E-
1H-1, 0 cm, to 7F-1, 0 cm

Depth: Hole U1523A = 0–36.90 m CSF-A; Hole U1523E = 0–
34.70 m CSF-A

Thickness: Hole U1523A = 36.90 m; Hole U1523E = 34.70 m
Age: Pleistocene
Lithology: diatom-bearing/rich mud, foraminifer-bearing 

muddy sand, diamict

Lithostratigraphic Unit I consists of massive bioturbated to lam-
inated greenish gray to grayish brown diatom-bearing/rich mud 
interbedded at the decimeter scale with diatom-bearing and fora-
minifer-bearing muddy sand with dispersed clasts/diamict (Figures 
F5, F6A–F6C; Table T2). Laminae, distinguished by color and tex-
ture changes, are often bioturbated. Contacts vary between sharp, 
gradational, and bioturbated (Figures F7A, F8). Large lithic clasts, 
mud clasts, and pyrite staining occur throughout. Shell fragments 
are observed in Sections 374-U1523A-2H-2A and 374-U1523E-4F-
1A (Figure F7B). A lignite clast is observed in interval 374-U1523E-
4F-2A, 61 cm (Figure F7C). Drilling disturbance ranges from slight 
to extreme. Recovery is poor between ~25 and 35 m CSF-A, likely 
because of unconsolidated sand and gravel in the formation (see 
Operations). Recovery in Unit I is 27.68 m (75%) in Hole U1523A 
and 18.45 m (78%) in Hole U1523E. Targeted coring in Hole 
U1523E filled some of the gaps in recovery in Hole U1523A, result-
ing in an estimated combined recovery of ~86% for Unit I.
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Table T2. Lithostratigraphic units, Site U1523. NA = not applicable. Download table in CSV format.

Top Bottom

Unit
Hole, core, section, 

interval (cm)
Depth 

CSF-A (m)
Hole, core, section, 

interval (cm)
Depth 

CSF-A (m) Basic description Age
Recovery 

(%)

374- 374-
I U1523A-1H-1, 0 0.00 U1523A-6F-1, 0 36.90 Diatom-bearing/rich mud interbedded 

with foraminifer-bearing muddy sand 
and diamict

Pleistocene 75
U1523B-1H-1, 0 0.00 Within the drilled interval NA NA
U1523E-1H-1, 0 0.00 U1523E-7F-1, 0 34.70 78

II U1523A-6F-1, 0 36.90 U1523A-7F-CC, 12 42.55 Diatom-bearing/rich mud to muddy 
diatom ooze interbedded with diamict; 
glauconite is common

Pliocene–
Pleistocene

61
U1523B-3F-1, 22 46.92 U1523B-14X-CC, 14 93.94 47
U1523E-7F-1, 0 34.70 U1523E-18F-1, 69 95.79 46

III U1523B-18X-CC, 0 108.30 U1523B-24X-CC, 30 155.57 Diatom-bearing/rich mud with dispersed 
clasts interbedded with diatom-bearing 
diamict; glauconite and mud clasts are 
common 

late Miocene 20
U1523E-18F-1, 69 95.79 U1523E-25F-CC, 27 130.33 71

Figure F5. Lithostratigraphic summary, Site U1523. GRA = gamma ray attenuation, MAD = moisture and density. Magnetic susceptibility (MS) and natural 
gamma radiation (NGR) are shown with a 50-point running median equivalent to 1.25 and 5 m, respectively. Data plotted from 80 to 130 m CSF-A are from 
Hole U1523E; all other data are from Holes U1523A and U1523B.
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Unit I: (Pleistocene) 

Diatom-bearing/rich mud interbedded 

with foraminifer-bearing muddy sand 

and diamict.

Unit II: (Pliocene–Pleistocene) 

Diatom-bearing/rich mud to muddy 

diatom ooze interbedded with diamict. 

Glauconite is common.

Unit III: (late Miocene) 

Diatom-bearing/rich mud with dispersed 

clasts interbedded with diatom-bearing 

diamict. Glauconite and mud clasts are 

common.

Foram-bearing

Mud

Sandy mud/
Muddy sand

Diatom-bearing/rich,
diatom ooze

Diamict
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Unit II

Intervals: 374-U1523A-6F-1, 0 cm, to 7F-CC, 12 cm (total 
depth); 374-U1523B-3F-1, 22 cm, to 14X-CC, 14 cm; 374-
U1523E-7F-1, 0 cm, to 18F-1, 69 cm

Depths: Hole U1523A = 36.90–42.55 m CSF-A (total depth); 
Hole U1523B = 46.92–93.94 m CSF-A; Hole U1523E = 
34.70–95.79 m CSF-A

Thicknesses: Hole U1523A = 5.65 m (minimum); Hole U1523B 
= 47.02 m (minimum); Hole U1523E = 61.09 m

Age: Pliocene to Pleistocene
Lithology: muddy diatom ooze, diatom-bearing/rich mud, dia-

tom-bearing/rich diamict

Lithostratigraphic Unit II consists of massive bioturbated to 
laminated greenish gray diatom-bearing/rich mud and olive brown 
to gray diatom-rich mud to muddy diatom ooze interbedded at the 
decimeter to meter scale with massive bioturbated gray to greenish 
gray diamict (Figures F5, F6D–F6F, F7D). Diatom-rich mud and 
muddy diatom ooze lithologies define the unit. Contacts are sharp, 

Figure F6. Primary lithologies, Site U1523. A. Foraminifer-bearing sand (Unit I; U1523A-3H-5A, 40–45 cm). B. Clast-rich sandy diamict (Unit I; U1523A-4H-2A, 
107–113 cm). C. Laminated diatom-bearing muddy/sandy diamict (Unit I; U1523E-3F-3A, 73–87 cm). D. Diatom-rich mud with abundant clasts (Unit II; U1523E-
12F-3A, 38–47 cm). E. Laminated diatom-rich mud with a cobble-sized clast (Unit II; U1523B-7F-3A, 63–69 cm). F. Sand and gravel (Unit II; U1523B-9F-CC, 5–14 
cm). G. Diatom-bearing clast-poor muddy diamictite (Unit III; U1523B-18X-CC, 13–16 cm). H. Diatom-bearing clast-rich sandy diamict and diamictite (Unit III; 
U1523B-24X-CC, 8–24 cm). I. Faintly laminated mud (Unit III; U1523E-20F-4A, 17–24 cm). J. Clast-rich sandy diamict (Unit III; U1523E-21F-1A, 89–94 cm).
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gradational, and/or bioturbated (e.g., interval 374-U1523E-12F-2A, 
108–116 cm; Figure F7E). Pyrite staining, glauconite, lithic clasts, 
and mud clasts are observed throughout. Shell fragments, bryozoa, 
foraminifers, and worm tubes are present between ~80 and 90 m 
CSF-A (Figure F7G). The base of Unit II is defined as the base of the 
deepest diatom-rich sandy mud bed (interval 18F-1A, 69 cm). Re-
covery in Unit II is 5.69 m (61%) in Hole U1523A, 25.21 m (47%) in 
Hole U1523B, and 15.39 m (46%) in Hole U1523E. Two large core 
gaps in the Hole U1523B record were filled with cores from Hole 
U1523E, resulting in an estimated combined recovery of ~66% for 
Unit II.

Unit III

Intervals: 374-U1523B-18X-CC, 0 cm, to 24X-CC, 30 cm; 374-
U1523E-18F-1, 69 cm, to 25F-CC, 27 cm

Depths: Hole U1523B = 108.30–155.57 m CSF-A (total depth); 
Hole U1523E = 95.79–130.33 m CSF-A (total depth)

Thicknesses: Hole U1523B = 47.27 m; Hole U1523E = 34.54 m 
(minimum)

Age: late Miocene
Lithology: diatom-bearing diamict, diatom-bearing/rich sandy 

mud/mud, muddy diatom ooze

Figure F7. Sedimentary structures and diagenetic features, Site U1523. A. Sharp contact (white arrow) between diatom-bearing mud and sand (Unit I; U1523E-
3F-2A, 37 cm). B. Shell fragments (white arrow) (Unit I; U1523A-2H-2A, 76–77 cm). C. Lignite clast with organic material (white arrow) in a diamict (Unit I; 
U1523E-4F-2A, 55–63 cm). D. Laminations in diatom-rich mud (Unit II; U1523B-7F-3A, 128–134 cm). E. Bioturbated contact between diatom-bearing sand and 
mud (Unit II; U1523E-12F-2A, 105–116 cm). F. Pyrite-filled burrows (white arrows) in mud (Unit III; U1523B-20F-2A, 20–25 cm). G. Shells (white arrows) in diamict 
(Unit II; U1523E-15F-2A, 6–17 cm). H. Sharp contact between sand and mud (Unit III; U1523E-20F-1A, 38–39 cm). I. Glauconite staining (Unit III; U1523E-20F-3A, 
3–9 cm). J. Glauconite staining (Unit III; U1523E-20F-3A, 70–76 cm; white arrow).
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Lithostratigraphic Unit III consists of massive bioturbated to 
laminated greenish gray to dark greenish gray diatom-bearing/rich 
mud and muddy diatom ooze interbedded at the decimeter scale 
with greenish gray diatom-bearing mud with dispersed clasts, sandy 
mud, and diamict (Figure F6G–F6J, F7H). Unit III is defined by a 
decrease in biogenic content and increased siliciclastics and glauco-
nite relative to Unit II (Figure F8). Contacts are sharp, gradational, 
and/or bioturbated (Figure F7H). Large clasts, pyritized burrows, 
sand stringers, and glauconite are common (Figure F7F, F7I, F7J, 
F8). Diamictite is observed in two intervals deeper than 100 m CSF-
A (intervals 374-U1523B-18X, 13–16 cm, and 24X, 22–25 cm; Fig-
ure F6G, F6H). Recovery in Unit III is 11.21 m (20%) in Hole 
U1523B and 19.55 m (71%) in Hole U1523E, where targeted 
HLAPC coring improved recovery. Thus, the estimated combined 
recovery for Unit III is ~61%.

Facies distribution
At Site U1523, three lithofacies are identified based on common 

lithologic, sedimentary, and textural characteristics (Table T3). Fa-
cies 3 (mud/mudstone) and 5 (diatom-rich mud to diatom ooze) 
largely conform to those previously described for Site U1521 (see 
Lithostratigraphy in the Site U1521 chapter [McKay et al., 2019c]). 
For consistency, we use the same facies numbering system used at 
Sites U1521 and U1522, but important site-specific differences are 
noted below. For example, at Site U1523, diamict is different in 
character and considered a separate facies (Facies 8; sand and dia-
mict).

Mud/Mudstone
At Site U1523, Facies 3 (mud/mudstone) is predominately dia-

tom bearing, with relatively good preservation of diatom frustules. 

Figure F8. Lithology and sedimentary structures, Site U1523. Downhole profiles represent the occurrence of a described lithology or lithologic feature. Data 
plotted from 80 to 130 m CSF-A are from Hole U1523E; all other data are from Holes U1523A and U1523B.
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Thus, this facies likely reflects both terrigenous input from suspen-
sion settling and pelagic biogenic sedimentation in a glaciomarine 
environment.

Diatom-rich mud to diatom ooze
Facies 5 (diatom-rich mud to diatom ooze) is largely comparable 

to Facies 5 at Site U1521 but is unlithified and bioturbated, with 
higher sand and clast content. This facies reflects pelagic biogenic 
to hemipelagic sedimentation, suspension settling, and ice rafting.

Sand and diamict
Facies 8 (sand and diamict) consists of massive bioturbated 

muddy sand/sand with dispersed clasts and diamict. This facies is 
commonly foraminifer bearing, glauconitic, and/or stratified (Fig-
ure F6A, F6E). Contacts are variable and may be sharp, gradational, 
and/or bioturbated (Figure F7E). Calcareous foraminifer presence 
(e.g., Unit I; Figure F6A) suggests either deposition above the local 
carbonate compensation depth (CCD) or downslope transport and 
rapid burial of foraminifer tests originally deposited at shallower 
depths above the local CCD. In the former case, foraminifers may be 
concentrated in sand/diamict intervals because of the winnowing of 
fines by bottom currents. Coarse sand and larger clasts may also be 
delivered by icebergs. Thus, Facies 8 reflects downslope transport, 
current winnowing, and ice rafting.

Diagenesis
Multiple indicators of postdepositional diagenesis are observed 

at Site U1523. Pyrite-filled burrows are observed in laminated beds 
(Figure F7F), indicating bacterial decomposition of organic matter 
in a sulfate-reducing environment. Glauconite, an authigenic min-
eral typically formed in low–sedimentation rate marine environ-
ments, is observed in Units II and III (Figure F7I, F7J).

Bulk mineralogy
X-ray diffraction (XRD) analyses were performed on powdered 

bulk samples from Holes U1523A (14 samples), U1523B (16 sam-
ples), and U1523E (1 sample) to semiquantitatively estimate the rel-
ative abundances of the most common mineralogical components. 
Relative mineral diffraction peak intensities are shown in Figure F9
(defined in Lithostratigraphy in the Expedition 374 methods chap-
ter [McKay et al., 2019a]). Downhole mineralogy at Site U1523 is 
similar to that at Sites U1521 and U1522. Noticeable downhole vari-
ations in illite/mica may be associated with glauconite.

Preliminary depositional interpretation
Coring at Site U1523 recovered a sequence of late Miocene to 

Pleistocene sediments on the outermost continental shelf of the 
Ross Sea, Antarctica. This site contains diatom-bearing/rich mud, 
foraminifer-bearing muddy sand, diamict, and muddy diatom ooze 

interpreted to reflect deposition in a glaciomarine to open-marine 
environment influenced by downslope transport, bottom current 
processes, and ice rafting. Changes in the relative percentage of bio-
genic and siliciclastic components are likely related to ice proximity, 
with higher siliciclastic content associated with ice-proximal depo-
sitional environments and higher biogenic content associated with 
more ice distal to open-marine environments. Clasts, sand, and 
glauconite are typically concentrated at the top of the diatom-rich 
mud beds, suggesting winnowing of the finer fraction by changes in 
the strength and/or position of the westward-flowing Antarctic 
Coastal Current. Downslope transport also occurs at Site U1523, as 
indicated by sand beds with shell and bryzoan fragments (e.g., Unit 
II [60–90 m CSF-A]; Figure F7G). Processes associated with glacia-

Table T3. Observed facies, Site U1523. Download table in CSV format.

Main facies Additional facies information
Lithostratigraphic 

unit Tentative depositional environment/processes

3: mud/mudstone Massive to laminated, diatom-bearing, planar to wavy sand and 
silt laminae. Soft-sediment deformation and dispersed clasts 
are observed. Common pyrite staining. 

I, II, III Ice-distal marine to glaciomarine, hemipelagic 
suspension settling, mass transport deposits, 
winnowing by bottom currents, ice rafting

5: diatom-rich mud to diatom ooze Bioturbated to laminated diatom ooze and diatom-rich mud 
with dispersed to common clasts. 

I, II Ice-distal marine, pelagic to hemipelagic sedimentation, 
ice rafting

8: sand and diamict Massive bioturbated decimeter-scale sand beds, sometimes 
foraminifer-bearing and/or diatom-bearing. Clasts are 
common and range in size and angularity.

I, II, III Ice-proximal glaciomarine, mass transport deposits, 
winnowing by bottom currents

Figure F9. XRD patterns, Site U1523. Bulk mineralogy is uniform downhole, 
although minor changes in intensity are indicated by changes in relative 
peak heights.
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tion on the Pennell Bank could result in sediment loading at the ice 
sheet grounding line, iceberg ploughing, and isostatic adjustment, 
all of which may play a role in sediment destabilization on the outer 
continental shelf (e.g., Hesse et al., 1997; Lucchi et al., 2002; Carbur-
lotto et al., 2010).

Biostratigraphy and paleontology
Core catcher samples from Holes U1523A, U1523B, U1523D, 

and U1523E were analyzed for siliceous (diatoms, radiolarians, sili-
coflagellates, ebridians, and chrysophycean cysts), calcareous (fora-
minifers), and organic (dinoflagellate cysts [dinocysts] and other 
aquatic palynomorphs, pollen, and spores) microfossils. Three 
broad stratigraphic intervals separated by disconformities corre-
spond generally to lithostratigraphic units and represent deposition 
of (1) a Pleistocene interval with mixed and reworked microfossils, 
(2) an upper Pliocene interval (~2.5–2.8 Ma), and (3) an upper mid-
dle Miocene to lower upper Miocene interval (~8.5–13.5 Ma). All 
examined samples contain siliceous microfossils, although with 
varying abundance, composition, and state of preservation. The in-
ferred depositional settings that produced these sequences ranged 
from pelagic to hemipelagic, with influence and mixing and sorting 
of microfossil assemblages by glaciomarine and bottom-current 
processes, respectively. Dinocysts are often rare except in the up-
permost Pliocene and upper Miocene intervals. Foraminifers are 
most abundant in the upper Pleistocene at Site U1523. A unique 
monospecific assemblage of agglutinated benthic foraminifers is 
observed in the upper Miocene of Holes U1523B and U1523E.

Diatoms
All samples examined from Site U1523 contain diatoms and sili-

coflagellates (Table T4). The upper ~25 m CSF-A at Site U1523 
(Samples 374-U1523A-1H-CC to 3H-CC [0–22.31 m CSF-A] and 
374-U1523E-1H-CC to 4H-CC [0–24.23 m CSF-A]) contains rare 
and poorly preserved reworked diatoms of mixed middle Miocene 
through Pliocene ages. Preservation in this interval is generally 
poor, with selective preservation of robust, heavily silicified forms. 
Much of the clay-sized sediment fraction from this interval com-
prises highly fragmented diatom remains. Deeper than ~25 m CSF-
A, diatoms are more abundant and allow for most of the sequence 
to be assigned to diatom zones (Figure F10). Biostratigraphically 
useful diatom events are listed in Table T5 and plotted in an age-
depth model in Figure F11.

An ~90 m interval of lower Pleistocene and upper Pliocene sed-
iments (~25–95 m CSF-A) is assigned to the lower portion of the 
Thalassiosira kolbei Zone and the underlying Thalassiosira compli-
cata/Thalassiosira vulnifica Zone. This package of sediment is 
bounded by unconformities (Figure F10). The lower unconformity 
coincides with the boundary between lithostratigraphic Units II and 
III. An age between 2.5 and 3.2 Ma is assigned to this interval based 
on the last appearance datum (LAD) of Actinocyclus fasciculatus in 
Core 374-U1523E-4F (24.23 m CSF-A), the LAD of T. complicata
(2.5 Ma) in Samples 374-U1523A-4F-CC (30.93 m CSF-A) and 374-
U1523E-7F-CC (34.05 m CSF-A), and the first appearance datum 

Figure F10. Micropaleontology summary, Site U1523. Diatom and radiolarian biostratigraphic zonations are defined by the first appearance datum (FAD) 
and/or last appearance datum (LAD) of corresponding marker species. In some cases, zonal boundaries are tentatively assigned between age constraints.
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Table T4. Diatom distribution, Site U1523. Download table in CSV format.
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(FAD) of T. vulnifica (3.2 Ma) in Samples 374-U1523B-11F-CC 
(86.30 m CSF-A) and 374-U1523E-16F-CC (90.77 m CSF-A), which 
provide for the placement of zonal boundaries. Much of the mid- to 
lower Pliocene is missing in a disconformity.

Below the disconformity between lithostratigraphic Units II and 
III, an interval of middle to upper Miocene sediments was cored to 
~230 m CSF-A. Core recovery over the upper part of this interval, 
between ~95 and 135 m CSF-A, is moderate, whereas deeper than 
~135 m CSF-A, recovery in Holes U1523B and U1523D was very 

poor and provides only a few snapshots of the age and depositional 
environment. The FAD of Thalassiosira torokina (9.0 Ma) in Sam-
ple 374-U1523E-21F-CC (113.95 m CSF-A) allows assignment of 
the interval between this sample and the unconformity at ~95 m 
CSF-A to the T. torokina Zone. The LADs of Denticulopsis ovata
(8.4 Ma) and Fragilariopsis januaria (8.8 Ma) in Sample 374-
U1523B-18X-CC (108.47 m CSF-A) support the recognition of this 
zone. The interval below the T. torokina Zone, between ~114 and 
190 m CSF-A, is not zoned because of the absence of diatoms used 

Table T5. Diatom, radiolarian, and dinocyst biostratigraphic events, Site U1523. * = unreliable datum; upper part of range is truncated. † = age based on pres-
ence of the species in Harland and Pudsey (2002). Top depths of last appearance datums (LADs) for Helotholus vema and Desmospyris spongiosa are from Hole 
U1523A. Samples above the LAD of Prunopyle titan are <3.53 Ma. Samples above the first appearance datum (FAD) of Antarctissa strelkovi are <8.60 Ma. Sam-
ples above the FAD of Acrosphaera australis are <10.17 Ma. Samples above the FAD of Cycladophora humerus are <13.71 Ma. Shaded datum details are plotted 
in Figure F11. Datum code: R = radiolarian, D = diatom, PL = palynology (dinocyst). FAAD = first abundant appearance datum. Download table in CSV format.

Holes U1523A, U1523B, and U1523D Hole U1523E

Age 
(Ma)

Datum 
code

Datum 
type Species name

Top 
depth 

CSF-A (m)

Base 
depth 

CSF-A (m) Hole, core, section

Plotted 
depth 

CSF-A (m)
if shaded

Top 
depth 

CSF-A (m)

Base 
depth

CSF-A (m)
Hole, core, section, 

interval (cm)

Plotted 
depth 

CSF-A (m)
if shaded

374- 374-
0.65 R1 LAD Antarctissa cylindrica 25.20 30.93 U1523A-4F-CC 30.93 0.00 9.81 U1523E-H-CC 9.81
2.10 D1 LAD Actinocyclus fasciculatus 25.20 30.93 U1523A-4F-CC 30.93 20.75 24.23 U1523E-4F-CC 24.23
2.20 D2 LAD Thalassiosira vulnifica 25.20 30.93 U1523A-4F-CC 30.93 24.23 30.16 U1523E-6F-CC 30.16
2.50 D3 LAD Thalassiosira complicata 25.20 30.93 U1523A-4F-CC 30.93 30.16 35.05 U1523E-7F-CC 35.05
1.90 D4 LAD Thalassiosira kolbei 30.98 41.59 U1523A-6F-CC 41.59 30.16 35.05 U1523E-7F-CC 35.05
1.72 R2 LAD Cycladophora pliocenica 30.98 41.59 U1523A-6F-CC 41.59 35.10 48.77 U1523E-9F-1, 0–5 48.77
2.35 R3 LAD Helotholus vema 41.64 49.44 U1523B-3F-CC 49.44 35.10 48.77 U1523E-9F-1, 0–5 48.77
2.47 R4 LAD Desmospyris spongiosa 41.64 49.44 U1523B-3F-CC 49.44 35.10 48.77 U1523E-9F-1, 0–5 48.77
2.70 D5 FAD Actinocyclus fasciculatus 49.44 60.32 U1523B-3F-CC 49.44 48.77 52.50 U1523E-9-CC 48.77
2.50 D6 LAD Rouxia diploneides 49.50 60.32 U1523B-5F-CC 60.32 48.77 52.50 U1523E-10-CC 52.50
2.50 D7 FAD Rouxia leventerae Not observed/used in this hole 64.80 86.04 U1523E-12-CC 64.80
2.80 D8 FAD Actinocyclus maccollumii 74.71 84.10 U1523B-8F-CC 74.71 86.04 90.77 U1523E-15-CC 86.04

<3.53 R5 LAD Prunopyle titan 84.15 86.30 U1523B-11F-CC 86.30 Not observed/used in this hole
3.30 D9 FAD Thalassiosira elliptipora 86.30 108.47 U1523B-11F-CC 108.47 90.77 95.80 U1523E-16-CC 95.80
3.20 D10 FAD Thalassiosira vulnifica 86.30 108.47 U1523B-11F-CC 108.47 90.77 95.80 U1523E-16-CC 90.77
3.40 D11 FAD Thalassiosira webbi Not observed/used in this hole 90.77 95.80 U1523E-16-CC 90.77
4.10 D12 FAD Thalassiosira kolbei 86.30 108.47 U1523B-11F-CC 108.47 90.77 95.80 U1523E-16-CC 90.77
4.50 D13 FAD Thalassiosira striata 86.30 108.47 U1523B-11F-CC 108.47 90.77 95.80 U1523E-16-CC 90.77
4.85 D14 FAAD Thalassiosira inura 86.30 108.47 U1523B-11F-CC 108.47 90.77 95.80 U1523E-16-CC 90.77
4.90 D15 LAD Thalassiosira oliverana var. sparsa 86.30 108.47 U1523B-11F-CC 108.47 90.77 95.80 U1523E-16-CC 90.77
3.53 R6 LAD Prunopyle titan* 86.38 108.47 U1523B-18X-CC 108.47 90.77 95.80 U1523E-18F-CC 95.80
3.72 R7 LAD Lampromitra coronata Not observed/used in this hole 90.77 95.80 U1523E-18F-CC 95.80
5.95 R8 LAD Desmospyris rhodospyroides 86.38 108.47 U1523B-18X-CC 108.47 95.87 110.35 U1523E-20F-CC 110.35
8.35 R9 LAD Prunopyle hayesi * 86.38 108.47 U1523B-18X-CC 108.47 95.87 110.35 U1523E-20F-CC 110.35
8.40 D16 LAD Denticulopsis ovata 86.38 108.47 U1523B-18X-CC 108.47 Not observed/used in this hole
8.80 D17 LAD Fragilariopsis januaria 86.38 108.47 U1523B-18X-CC 108.47 Not observed/used in this hole
9.00 D18 FAD Thalassiosira torokina 86.30 108.47 U1523B-11X-CC 108.47 113.95 121.45 U1523E-21F-CC 113.95

<8.60 R10 FAD Antarctissa strelkovi Not observed/used at this hole 110.40 113.95 U1523E-20F-CC 110.40
8.42 R11 LAD Acrosphaera australis* 86.38 108.47 U1523B-18X-CC 108.47 95.87 110.35 U1523E-20F-CC 110.35
7.30 PL1 LAD Selenopemphix bothrion† 86.38 108.47 U1523B-18X-CC 108.47 113.97 121.45 U1523E-23F-CC 121.45
7.30 PL2 LAD Selenopemphix minys† 86.38 108.47 U1523B-18X-CC 108.47 95.87 110.35 U1523E-20F-CC 110.35
8.62 R12 LAD Cycladophora spongothorax* 86.38 108.47 U1523B-18X-CC 108.47 95.87 110.35 U1523E-20F-CC 110.35
5.50 D19 FAD Shionodiscus oestrupii 131.98 135.61 U1523B-20F-CC 131.98 113.95 121.45 U1523E-21F-CC 113.95
8.70 PL3 FAD Selenopemphix minys† 132.03 135.61 U1523B-20F-CC 132.03 130.28 130.33 U1523E-25F-CC 130.33
9.90 PL4 FAD Selenopemphix bothrion† 135.61 146.74 U1523B-22X-CC 135.61 113.97 121.45 U1523E-23F-CC 121.45
9.16 R13 LAD Cycladophora humerus 86.38 108.47 U1523B-18X-CC 108.47 113.97 121.45 U1523E-23F-CC 121.45

10.07 R14 FAD Siphonosphaera vesuvius 108.52 118.11 U1523B-18X-CC 108.52 113.97 121.45 U1523E-21F-CC 113.97
<10.17 R15 FAD Acrosphaera australis Not observed/used in this hole 130.28 130.33 U1523E-25F-CC 130.33

10.17 R16 FAD Acrosphaera australis 132.03 135.61 U1523B-20F-CC 132.03 Not observed/used in this hole
10.36 R17 FAD Eucyrtidium pseudoinflatum 135.61 146.74 U1523B-21F-CC 135.66 130.28 130.33 U1523E-25F-CC 130.33
11.00 D20 FAD Fragilariopsis praecurta 155.52 155.57 U1523B-24X-CC 155.57 121.45 123.51 U1523E-23F-CC 123.51
11.70 D21 LAD Nitzschia denticuloides 192.71 192.73 U1523D-8R-CC 192.73 Not observed/used in this hole
12.60 D22 LAD Actinocyclus ingens var. nodus 192.71 192.73 U1523D-8R-CC 192.73 Not observed/used in this hole
13.00 D23 LAD Denticulopsis lauta 221.55 221.56 U1523D-11R-CC 221.56 Not observed/used in this hole

<13.71 R18 FAD Cycladophora humerus 221.55 221.56 U1523D-11R-CC 221.56 Not observed/used in this hole
13.50 D24 FAD Nitzschia denticuloides 221.55 221.56 U1523D-11R-CC 221.56 Not observed/used in this hole
11.10 D25 FAD Denticulopsis ovata 155.52 155.57 U1523B-24X-CC 155.57 Not observed/used in this hole
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in existing Southern Ocean zonal schemes. Traces of Shionodiscus 
oestrupii are noted in two samples from this unzoned interval (Sam-
ples 374-U1523B-20F-CC [131.98 m CSF-A] and 374-U1523E-21F-
CC [113.95 m CSF-A]). This species has a FAD at 5.5 Ma, so its 
presence in this much older interval requires additional investiga-
tion. Samples between ~110 and 120 m CSF-A contain abundant 
Denticulopsis, Trinacria, Chaetoceros, Coscinodiscus, and other 
taxa, indicating high-fertility water that resulted in high biosiliceous 
productivity and sedimentation.

Although core recovery was very poor in Hole U1523D, two 
samples from deeper than ~155 m CSF-A yielded sufficient material 
to date the lower part of this hole to ~13 Ma (Figures F10, F11). 
Sample 374-U1523D-8R-CC (192.71 m CSF-A) contains Nitzschia 
denticuloides (LAD at 11.7 Ma) and Actinocyclus ingens var. nodus
(LAD at 12.7 Ma), which are indicative of the Denticulopsis praedi-
morpha Zone. Sample 11R-CC (221.55 m CSF-A) includes Denticu-
lopsis lauta (LAD at 13.0 Ma) and N. denticuloides (FAD at 13.5 
Ma), whose co-occurrence suggests an age between 13.0 and 13.5 
Ma.

Radiolarians
All core catcher samples and the mudline sample were analyzed 

for radiolarian content (Table T6). Radiolarians are poorly to mod-

erately preserved and present in trace to rare abundances in the up-
per ~90 m CSF-A of Site U1523 (Samples 374-U1523A-1H-CC to 
6F-CC [0–41.59 m CSF-A], 374-U1523B-1H-CC to 11F-CC [0–
86.30 m CSF-A], and 374-U1523E-1H-CC to 16F-CC [0–90.77 m 
CSF-A]), although they become slightly more abundant in Hole 
U1523E deeper than ~50 m CSF-A. From ~90 to 155 m CSF-A, 
radiolarians are better preserved and more abundant (Samples 374-
U1523B-18X-CC to 24X-CC [108.47–155.52] and 374-U1523E-9F-
1, 96.5–101.5 cm, to 25F-CC [48.77–130.28 m CSF-A]), with the ex-
ception of Samples 374-U1523E-15F-3, 133–135 cm, to 18F-CC 
(86.04–95.80 m CSF-A), in which radiolarians are moderately to 
poorly preserved and present in trace to rare abundances. Two sam-
ples from Hole U1523D (Samples 8R-CC [192.71 m CSF-A] and 
11R-CC [221.55 m CSF-A]) yielded moderately preserved radio-
larians in trace abundances. Plates illustrating some of the taxa 
identified at this site are presented in Figures F12 and F13. Recog-
nized radiolarian biostratigraphic events are shown alongside dia-
tom and dinoflagellate events in Table T5 and illustrated in Figure 
F11. The placement of radiolarian, diatom, and dinocyst events 
shows good agreement (Figures F10, F11).

Figure F11. Shipboard age model, Site U1523. Biochronologic events and paleomagnetic reversals are calibrated to Gradstein et al. (2012). Black vertical bars 
show datum uncertainty caused by large gaps between samples in a given hole. See Table T5 for biostratigraphic datums. See Paleomagnetism for paleo-
magnetic results.
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The absence of Prunopyle titan (LAD at 3.5 Ma) in Sample 374-
U1523B-11F-CC (86.30 m CSF-A) indicates a Pliocene–Pleistocene 
age for the upper ~90 m CSF-A of this site (Samples 374-U1523A-
1H-CC to 6F-CC [0–41.59 m CSF-A], 374-U1523B-1H-CC to 11F-
CC [0–86.30 m CSF-A], and 374-U1523E-1H to 16F-CC [0–90.77 
m CSF-A]). An unconformity occurs deeper than ~90 m CSF-A be-
cause Sample 374-U1523B-18X-CC (108.47 m CSF-A) is late Mio-
cene in age based on the presence of Cycladophora humerus (LAD 
at 9.2 Ma), which is consistent with diatom biostratigraphy that sug-
gests an age of 8.4–8.8 Ma. The presence of Antarctissa strelkovi
(FAD at 8.6 Ma) and Cycladophora spongothorax (LAD at 8.6 Ma) in 
Sample 374-U1523E-20F-CC (110.35 m CSF-A) confirms this age 
assignment. Several other radiolarian events are recognized in the 
upper Miocene portion of the drilled sequence, with the deepest 
event being the presence of Eucyrtidium pseudoinflatum (FAD at 

10.4 Ma) in Sample 374-U1523B-21F-CC (135.61 m CSF-A). The 
deepest sample at this site (Sample 374-U1523D-11R-CC [221.55 m 
CSF-A]) is younger than 13.7 Ma based on the absence of C. hu-
merus (FAD at 13.7 Ma), which is in good agreement with the dia-
tom age estimate (13–13.5 Ma) for the same sample.

Radiolarian zonal assignments are shown in detail in Figure F10. 
Samples above the observed Antarctissa cylindrica LAD (0.65 Ma; 
Sample 374-U1523E-1H-CC [9.81 m CSF-A]) belong to the radio-
larian Omega Zone and part of the Psi Zone (Figure F10; Table T5). 
The interval from 9.81 m CSF-A downhole to Sample 374-U1523A-
6F-CC (41.59 m CSF-A; LAD of Cycladophora pliocenica) is as-
signed to the remaining part of the Psi Zone and the upper Chi 
Zone. The lower Chi and Phi Zones are present from 41.59 m CSF-
A downhole to Sample 374-U1523B-3F-CC (49.44 m CSF-A), where 
the LADs of Helotholus vema and Desmospyris spongiosa are recog-

Figure F12. Radiolarians, Site U1523. A, B. Carposphaera annikae (U1523B-21F-CC; A: focus on equatorial plane; B: focus on cortical shell). C. Trisulcus nana
(U1523B-23X-CC). D. Cycladophora pliocenica (U1523A-6F-CC). E. Cycladophora spongothorax (U1523B-18X-CC). F. Lithomelissa tricornis (U1523B-18X-CC). 
G. Helotholus vema (U1523B-10F-CC; G: focus on cephalis; H: focus on internal ring structure). I, M. Siphonosphaera vesuvius (I: U1523E-20F-CC; M: fragment, 
U1523B-18X-CC). J. Prunopyle hayesi (U1523E-20F-CC). K. Desmospyris rhodospyroides (U1523E-20F-CC). L. Stylatractus universus (U1523E-25F-CC). Scale bar = 
100 μm for all except M (200 μm) and I (400 μm).
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nized, thus marking the top of the upper Upsilon Zone. Samples 
from this depth to the last sample above the unconformity at ~90 m 
CSF-A (Sample 374-U1523B-11F-CC [86.3 m CSF-A]) belong to the 
upper to middle Upsilon Zone. The LAD of C. humerus at 108.47 m 
CSF-A (Sample 374-U1523E-18X-CC) allows assignment of this 
sample, the first one examined from below the hiatus, to the upper 
C. spongothorax Zone. The boundary between the upper and the 
middle to lower C. spongothorax Zone is defined by the Eucyrtid-
ium pseudoinflatum FAD, located in Sample 374-U1523E-21F-CC 
(135.61 m CSF-A). Because neither the FAD of C. spongothorax nor 
the FAD of Actinomma golownini are observed, it is impossible to 
definitively assign the two deepest examined samples (374-
U1523D-8R-CC [192.71 m CSF-A] and 11R-CC [221.55 m CSF-A]) 
to a specific zone, but they may tentatively be placed in the A. 
golownini Zone.

The species Stylatractus universus, Pterocanium charybdeum 
trilobum, Triceraspyris antarctica, Stichocorys peregrina, Lithome-
lissa stigi, A. golownini, and Dendrospyris megalocephalis represent 
primary, secondary, and accessory zonal markers in the Southern 
Ocean radiolarian biostratigraphic zonation (Lazarus, 1992), which 
is mainly based on Ocean Drilling Program (ODP) cores from the 
Indian Ocean sector. These species were not found in the Expedi-
tion 374 samples from the Ross Sea. In the Ross Sea region, very 

spotty occurrences of Eucyrtidium calvertense, Cycladophora davi-
siana, and Lychnocanium grande are of limited biostratigraphic use-
fulness, especially because they sometimes occur beyond their 
known ranges from other localities. A few other marker species (in-
cluding Amphymenium challengerae and Acrosphaera? labrata) 
were not observed, probably because of the lack of recovered sedi-
ments of the appropriate age.

The mudline sample from Hole U1523A (from the outermost 
continental shelf ) contains a much more diverse radiolarian assem-
blage than the one observed at Site U1522 on the continental shelf, 
which predominantly consists of three taxa, with both Rhizoplegma 
boreale and the Phormacantha hystrix/Plectacantha oikiskos group 
each making up ~5% of the total (Figure F13). These abundances 
are very close to those observed for the latter two species by 
Nishimura et al. (1997) in the Ross Sea continental shelf region. In 
other parts of coastal Antarctica (e.g., Scotia Sea, Antarctic Penin-
sula), their cumulative abundance can exceed 90% of the radiolarian 
assemblage, whereas in the open Southern Ocean they are essen-
tially absent. The diverse assemblage in Hole U1523A contains a to-
tal of 21 taxa, including some known to be living at intermediate 
depths in the water column (e.g., Cycladophora davisiana), and may 
thus be interpreted as an open-ocean/upwelling assemblage when 
compared with the “coastal” assemblage observed at Site U1522. 
Documenting the relative abundance of these two assemblages 
through glacial–interglacial cycles at all Expedition 374 drill sites 
that recovered upper Pleistocene sequences can provide important 
information on changes in coastal versus open-ocean conditions 
through time for each of these locations.

Foraminifers
Samples from the upper 42 m CSF-A of Site U1523 contain a 

mix of planktonic and benthic foraminifers (Table T7; Figure F10). 
Typical calcareous benthic foraminifers include Globocassidulina 
subglobosa, Globocassidulina crassa, Angulogerina earlandi, Ehren-
bergina glabra, Nonionella iridea, Cibicides lobatulus, and As-
trononion antarcticus. Planktonic foraminifer assemblages are 
dominated by sinistrally coiled Neogloboquadrina pachyderma. 
Several samples contain Globigerina bulloides, including Sample 
374-U1523A-6F-CC (41.59 m CSF-A). Planktonic foraminifers typ-
ically occur in greater numbers than benthic foraminifers in this 
part of the cored section. Variable foraminifer preservation of the 
benthic foraminifers suggests that some samples may represent a 
mix of in situ and penecontemporaneous reworking of specimens. 
For example, Sample 374-U1523E-4F-CC (24.23 m CSF-A) contains 
numerous specimens of N. pachyderma that are >250 μm in size, 
and benthic foraminifer preservation ranges from moderately poor 
to good.

Deeper than ~42 m CSF-A, foraminiferal abundance decreases 
sharply. Some samples contain a few tiny (<250 μm) planktonic for-
aminifers, suggesting penecontemporaneous reworking (e.g., Sam-
ples 374-U1523B-3F-CC [49.44 m CSF-A] and 5F-CC [60.32 m 
CSF-A]). Sample 10F-CC (84.10 m CSF-A) contains a possible in 
situ assemblage of planktonic and benthic foraminifers, including 
Miliammina arenacea, Epistominella exigua, Fursenkoina sp. cf. 
Fursenkoina fusiformis, and G. subglobosa.

An identical assemblage of calcareous benthic and planktonic 
foraminifers are found in Samples 374-U1523B-11F-CC (86.30 m 
CSF-A) and 374-U1523E-15F-3, 133–135 cm (86.04 m CSF-A) 
(Figure F10). These samples contain abundant foraminifers, as 
well as mollusk shell and bryozoan fragments, echinoderm spines, 
and ostracods. Typical benthic species include Cibicides refulgens, 

Figure F13. Radiolarians from mudline samples, Holes U1522A and U1523A. 
Coastal assemblage defined by Nishimura et al. (1997) (see text for discus-
sion).
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Cibicides subhaidingerii, C. lobatulus, G. crassa, G. subglobosa, 
Globocassidulina biora, A. earlandi, A. antarcticus, E. glabra, and 
numerous nodosariids. Abundant planktonic foraminifers are rep-
resented by N. pachyderma. More than 98% of the N. pachyderma
are left-coiled (sinistral) forms. Benthic foraminifers show a range 
of preservation from moderately poor to good, with some speci-
mens that are chalky white in appearance or have broken chambers 
and others that have translucent, unbroken tests. Benthic foramini-
fers do not show any evidence of size sorting. Planktonic foramini-
fers are concentrated in the <250 μm fraction in these samples, 
suggesting that this part of the foraminifer assemblage may have 
been winnowed.

A second foraminifer-poor interval extends from Sample 374-
U1523E-16F-CC (90.77 m CSF-A) to Sample 21F-CC (113.95 m 
CSF-A). A monospecific agglutinated benthic foraminifer assem-
blage is recorded in the upper Miocene at Site U1523 (Figure F14). 
Martinottiella communis was reported from Samples 374-U1523B-
19X-CC (118.11 m CSF-A) and 23X-CC (146.74 m CSF-A) and 374-
U1523E-23F-CC (121.45 m CSF-A) and 25F-CC (130.28 m CSF-A). 
This taxon was previously reported from the Ross Sea as Martinot-
tiella antarctica (Parr) by Kennett (1968) but never as a single-spe-
cies occurrence. This unique assemblage that lacks calcareous 
benthic and planktonic foraminifers may indicate the presence of a 
past time interval of elevated CCD in the central Ross Sea, similar to 
Holocene conditions (e.g., Kennett, 1966; Osterman and Kellogg, 
1979).

Palynology
Fourteen core catcher samples, one from Hole U1523A (1H-CC 

[8.46 m CSF-A]), seven from Hole U1523B (5F-CC to 22X-CC 
[60.32–135.61 m CSF-A]), and six from Hole U1523E (16F-CC to 
25F-CC [90.77–130.28 m CSF-A]) were prepared and examined for 
palynomorphs (Table T8). In general, palynomorphs are moderately 

to well preserved and rare in the Pleistocene section but present in 
higher numbers in parts of the Pliocene and Miocene intervals (Fig-
ure F10). The Site U1523 assemblages are dominated by protoperi-
dinioid dinocysts, likely cysts of heterotrophic dinoflagellates, and 
mostly Brigantedinium spp., Lejeunecysta spp., and Selenopemphix
spp., a composition indicative of high-productivity water (Zonne-
veld et al., 2013). A few specimens of the phototrophic species 
Achomosphaera/Spiniferites spp., Batiacasphaera spp., Nematos-
phaeropsis labyrinthus, and Operculodinium sp. are also present. 
The occurrence of the Prasinophyta Cymatiosphaera (Table T8) 
may indicate periodic surface-water stratification.

Sample 374-U1523A-1H-CC (8.46 m CSF-A) is almost devoid of 
dinocysts, and only Brigantedinium spp. and some specimens of the 
autotrophic taxa Achomosphaera/Spiniferites are found. The 
acritarch Leiosphaeridia is present together with some remains of 
Cymatiosphaera. The sample contains common amorphous organic 
matter and a transparent “bag”-shaped palynomorph of indetermi-
nate origin.

Palynomorph assemblages are comparable in Samples 374-
U1523B-5F-CC (60.32 m CSF-A) to 10F-CC (84.10 m CSF-A) (Ta-
ble T8). Few dinocysts are found in Sample 5F-CC (60.32 m CSF-A), 
mostly Brigantedinium spp. and a dinocyst resembling that pro-
duced by the dinoflagellate Gymnodinium spp. due to its round, 
brown body and finely microreticulated wall. Samples in this inter-
val also yield abundant specimens of Leiosphaeridia. Selenopem-
phix species occur in higher numbers than Lejeunecysta taxa. Some 
specimens of a dinocyst resembling Eatonicysta ursulae (early Eo-
cene) are found in this interval, although reworking is minimal. 
Sample 10F-CC (84.10 m CSF-A) contains abundant Cymatios-
phaera sp. 3 of Hannah et al. (1998) and one yet undescribed species 
of Lejeunecysta, here called “reticulata” for its reticulate wall pat-
tern. Sample 11F-CC (86.30 m CSF-A) is nearly devoid of paly-
nomorphs, containing only poorly preserved specimens.

Samples 374-U1523B-18X-CC (108.47 m CSF-A) to 22X-CC 
(135.61 m CSF-A) show different degrees of preservation and paly-
nomorph occurrences, but they all contain the species Selenopem-
phix bothrion and Selenopemphix minys (Figures F10, F11, F15), 
which were previously found in the upper Miocene of ODP Site 
1095 (Harland and Pudsey, 2002) between 9.9 and 7.3 Ma and 8.7 
and 7.3 Ma, respectively. Other than these two species, Brigantedin-
ium spp., Selenopemphix nephroides, Selenopemphix antarctica
(only found in Sample 22X-CC [135.61 m CSF-A]), cf. Gymnodin-
ium sp., Lejeunecysta sp. cf. Lejeunecysta communis (Harland and 
Pudsey, 2002), and Protoperidinium sp. 2 (also found at Site U1521; 
see Biostratigraphy and paleontology in the Site U1521 chapter 
[McKay et al., 2019c]) characterize the dinocyst assemblages. Other 
palynomorphs found are Leiosphaeridia and Cymatiosphaera sp. 3 
of Hannah et al. (1998), abundant foraminifer linings, a few re-
worked Eocene dinocysts (e.g., Spinidinium macmurdoense and 
Vozzhennikovia apertura), and some potentially in situ bisaccate 
pollen grains. In general, the assemblage indicates highly productive 
water.

In Sample 374-U1523E-16F-CC (90.77 m CSF-A), dinocysts and 
palynomorphs are rare, but the palynomorph assemblage is similar 
to that of Sample 374-U1523B-10F-CC (84.10 m CSF-A) in that it 
contains the same Lejeunecysta “reticulata” morphotype together 
with Brigantedinium spp., Cymatiosphaera sp., Cymatiosphaera sp. 
3 of Hannah et al. (1998), and many Leiosphaeridia acritarchs. Sam-
ple 374-U1523E-18F-CC (95.80 m CSF-A) is devoid of paly-
nomorphs. In Sample 20F-CC (110.35 m CSF-A), palynomorphs are 

Table T7. Foraminifer distribution, Site U1523. Download table in CSV for-
mat.

Figure F14. Agglutinated benthic foraminifer Martinottiella communis
(U1523B-19X-CC), which constitutes monospecific assemblages in the upper 
Miocene of Site U1523. Scale bar = 500 μm.
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sparse, but this sample contains the dinocyst S. minys, which is 
present between 7.3 and 8.7 Ma in the ODP Site 1095 record (Har-
land and Pudsey, 2002).

Samples 374-U1523E-23F-CC (121.45 m CSF-A) to 25F-CC 
(130.28 m CSF-A) are richer in palynomorphs and dinocysts and in-
clude the dinocysts Brigantedinium spp., S. antarctica, S. minys, S. 
nephroides, and a few specimens of S. bothrion. Based on the occur-
rence of S. minys and S. bothrion, this interval is assigned an age of 
7.3–9.9 Ma (Harland and Pudsey, 2002) (Figures F10, F11). Sample 
23F-CC (121.45 m CSF-A) also yielded few specimens of the pho-
totrophic dinocyst Batiacasphaera sphaerica and Lejeunecysta sp. 
cf. L. communis (Harland and Pudsey, 2002) (Figure F15). Some 
specimens of Cymatiosphaera sp. 3 of Hannah et al. (1998) and the 
Eocene dinocyst V. apertura are also present. Foraminifer linings 
are present throughout this interval. Some potentially in situ bisac-
cate pollen grains and Nothofagus sp. are noted in Samples 23F-CC 
(121.45 m CSF-A) and 24F-CC (123.52 m CSF-A).

When comparing dinocyst assemblages from Holes U1523B and 
U1523E, assemblages in Sample 374-U1523B-10F-CC (84.1 m CSF-
A) are most similar to those in Sample 374-U1523E-16F-CC (90.77 
m CSF-A). Although dinocysts are not abundant, this Pliocene in-
terval shows potential for shore-based studies. Moreover, Samples 
374-U1523B-18X-CC (108.47 m CSF-A) to 22X-CC (135.61 m CSF-
A) contain assemblages comparable to those found in Samples 374-
U1523E-20F-CC (110.35 m CSF-A) to 25F-CC (130.28 m CSF-A), 
as would be expected given the overlapping depth ranges. Post-
cruise work will include construction of a composite depth scale for 

this site, which will allow for more detailed comparison of assem-
blages among holes.

Age model
Holes U1523A and U1523B comprise a sequential depth series 

of cores, and coring in Hole U1523E used a targeted approach to fill 
in gaps in the stratigraphic records from the first two holes (see Op-
erations). Hole U1523D was cored primarily for downhole logging, 
although a few core catcher samples from this hole provide addi-
tional biostratigraphic constraint toward the bottom of the drilled 
sequence. Sediment recovery in all holes was sporadic, with no core 
recovery through many cored intervals (Figure F10), but it was suf-
ficient to guide construction of a composite age model. The diatom, 
radiolarian, and dinocyst biostratigraphic datum events presented 
in Table T5 were used to produce an age-depth model for this site 
(Figure F11). These events also helped tie magnetic polarity reversal 
events to the geomagnetic polarity timescale (GPTS) (see Paleo-
magnetism).

The age model identifies an expanded upper Pliocene section 
(Table T5; Figure F11) with sediment accumulation rates approach-
ing 23 cm/ky of diatom-rich mud and diatom ooze. This rate is 
more than eight times higher than that of the middle to upper Mio-
cene section (~2.7 cm/ky). A major disconformity representing ~6 
My of missing record is identified across the Miocene/Pliocene 
boundary, which corresponds to the boundary between lithostrati-
graphic Units II and III. This boundary is identified biostrati-
graphically by a concurrence and concentration of first and last 
appearance datums (Figure F11) across the 5 m core recovery gap 
between Cores 374-U1523E-16F and 18F (90.77–95.8 m CSF-A).

Paleomagnetism
Paleomagnetic investigations at Site U1523 focused on determin-

ing the characteristic remanent magnetization (ChRM) for con-
structing a magnetostratigraphy that, combined with biostratigraphy, 
establishes the chronostratigraphy for the site. Additional rock mag-
netic measurements were made to assess the stability of the paleo-
magnetic record and to investigate magnetic fabrics that relate to 
depositional and postdepositional processes.

Our main observations come from measuring the natural rema-
nent magnetization (NRM) of most archive-half core sections at 5 
cm intervals before and after alternating field (AF) demagnetiza-
tion. For archive-half sections of Cores 374-U1523A-1H through 
7H (0–42.55 m CSF-A), 374-U1523B-3F through 23X (46.70–
146.79 m CSF-A), and 374-U1523E-1H through 25F (0–130.33 m 
CSF-A), NRM measurements followed AF demagnetization in 5 mT 
steps between 0 and 20 mT. The XCB system frequently yielded sed-
iments that were too disturbed to be used for paleomagnetic mea-
surements (e.g., Core 374-U1523B-24X [154.80–155.57 m CSF-A]). 
Data from such disturbed intervals and those collected from in 
10 cm of section ends were removed. The processed (relatively dis-
turbance free) data set was subsequently used to determine the 
ChRM directions and construct a magnetostratigraphy. This 
magnetostratigraphy was correlated to the GPTS of Gradstein et al. 
(2012) and supplemented by independent biostratigraphic age con-
trol (see Biostratigraphy and paleontology).

To test the quality of the ChRM directions determined on ar-
chive-half core sections, 70 oriented discrete paleomagnetic sam-
ples were collected (~3–4 per core; 15 samples from Hole U1523A, 
20 from Hole U1523B, and 35 from Hole U1523E). Ten samples 

Table T8. Palynomorph distribution, Site U1523. Download table in CSV 
format.

Figure F15. Dinocysts, Site U1523. A–E. Selenopemphix minys (A, D: U1523B-
20F-CC; B, C: U1523B-18X-CC; E: U1523E-23F-CC). F. Selenopemphix bothrion
(U1523B-20-CC). G, H. Lejeunecysta sp. cf. Lejeunecysta communis (G: U1523B-
22F-CC; H: U1523B-22X-CC) I. Lejeunecysta sp. (U1523B-22F-CC). Scale bars = 
20 μm.
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were progressively demagnetized using a 20-step AF demagnetiza-
tion protocol (0–20 mT in 2 mT steps and 20–60 mT in 5 mT steps
followed by 70 and 80 mT peak AF demagnetization) to determine
the ChRM, assess and remove potential overprint(s), and investigate
the coercivity of the magnetic minerals that carry the remanent sig-
nal. The Icefield MI-5 core orientation tool was applied, but no ac-
curate record of core orientation could be obtained because of the
high latitude of the drill site (see Core collection and orientation
(APC) in the Expedition 374 methods chapter [McKay et al.,
2019a]). All (HL)APC cores are therefore presented in sample coor-
dinates. Declinations of archive-half core sections and discrete sam-
ples from XCB cores have no azimuthal orientation because pieces
of core can rotate independently inside the core barrel.

Mean (bulk) magnetic susceptibility on the discrete samples was
compared with measurements made on archive-half core sections
using the Section Half Multisensor Logger (SHMSL) and on whole-
round core sections with the Whole-Round Multisensor Logger
(WRMSL). Furthermore, the anisotropy of magnetic susceptibility
(AMS) was determined and used to reconstruct magnetic fabric.

NRM measurements
Archive-half measurements

NRM intensities prior to demagnetization are mostly
~10−1 A/m, and their variations correlate well with variations in
magnetic susceptibility from the WRMSL, SHMSL, and Kappa-

bridge measurements (Figure F16). This agreement suggests that
changes in magnetic mineral concentration similarly influence
NRM intensity and magnetic susceptibility.

NRM intensities are also influenced by the drilling overprint,
which can add or subtract to the ChRM. For example, the initial
NRM intensities of a few intervals with normal polarity (e.g., most
of Core 374-U1523B-7F) increase following AF demagnetization
because the low-coercivity drilling overprint has a direction nearly
antipodal to the higher coercivity ChRM (Figure F16). The vector
sum of these remanences tends to suppress the net size of the initial
NRM. AF demagnetization in low fields preferentially removes this
antipodal overprint, sometimes without significantly removing the
ChRM, and hence the remaining magnetization is larger than the
initial magnetization. In general, the overprint and a significant part
of the ChRM is removed during demagnetization of these normal
polarity intervals, which results in a net decrease in the intensity
with AF demagnetization (e.g., Cores 374-U1523A-1H and 374-
U1523E-1H).

After 10 and 20 mT peak AF demagnetization, inclinations gen-
erally cluster into two groups of steep-upward (negative) or steep-
downward (positive) inclinations. These two groups may represent
normal and reversed polarity zones, which should center at ±81.9° if
a geocentric axial dipole is assumed (Site U1523 is located at
74.2°S). Most of the observed archive-half inclinations are shallower
than ±81.9°, suggesting an influence of other factors such as (1) in-

Figure F16. Paleomagnetic data, Site U1523. GPTS from Gradstein et al. (2012). MS: black circles = WRMSL, red triangles = SHMSL, yellow stars = Kappabridge.
Intensity, declination, and inclination: gray = initial NRM, red = after 10 mT peak AF demagnetization, blue = after 20 mT peak AF demagnetization, yellow stars
= discrete samples. Polarity: black = normal (N), white = reversed (R), gray = uncertain or no recovery. Note that Site U1523 is in the Southern Hemisphere, and
positive inclination corresponds to a reversed polarity interval. See text for discussion of polarity Zone N1 through Subzone N4.2.
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clination flattening, (2) the presence of minerals that do not genu-
inely record the geomagnetic field, or (3) incomplete removal of the 
downward-directed drilling overprint in intervals with a negative 
inclination. Despite the shallow inclinations, we interpret these 
groups of upward- and downward-directed inclinations to reflect 
normal and reversed polarity zones, respectively, because Site 
U1523 is located in the Southern Hemisphere.

Discrete sample measurements
The NRM of oriented discrete samples was measured before 

and after progressive AF demagnetization. The 20-step AF demag-
netization and measurement protocol shows the presence of multi-
ple components (Figure F17) with variable coercivities. The first 
component is commonly present between 0 and 2 mT and has ran-
dom orientations (Figure F17), suggesting that it is a viscous rema-
nent magnetization. A steep downward-directed component has a 
coercivity of mostly <6 mT but sometimes up to 20 mT and is prob-
ably the drilling overprint originating from coring. A third compo-
nent with higher coercivity is interpreted to be the ChRM. In the 
demagnetization diagrams, this component is represented by the 
nearly linear decay of magnetization toward the origin from ~20 to 
80 mT. Components with coercivity higher than 80 mT may also be 
present and can be identified by some linear demagnetization paths 
not heading straight to the origin (e.g., Figure F17D). Postcruise 
work is required to disentangle these potential components and 
their influence on the NRM and ChRM. ChRM is assumed to be a 
reliable recorder of the paleomagnetic field, and ChRM directions 
are used to construct the magnetostratigraphy. Noisy demagnetiza-
tion behavior (e.g., Figure F17C) occasionally occurs, and such data 
are excluded from further analysis.

Magnetostratigraphy
The inclination data from archive-half core sections and ori-

ented cubes reveal stable intervals of positive and negative inclina-
tion, interpreted to be reversed and normal polarity zones, 
respectively (Figure F16). Four major polarity zones (N1–N4) are 
defined and divided into subzones (e.g., N1.1 and R1.1). Their exact 
definition is slightly arbitrary and depends on core recovery (e.g., 
Core 374-U1523E-6F consists of a 21 cm long core catcher that was 
not useful for magnetostratigraphic purposes) and data quality (e.g., 
shallow inclinations are present in Core 374-U1523E-9F, and we re-
frain from assigning a polarity to this core). An attempt was made to 
identify the same (sub)zone in each hole, which was possible in 
some cases (e.g., Subzone N1.1) but more difficult in others (Sub-
zones N2.2 and N2.3). Further postcruise work on the integration of 
data from Holes U1523A, U1523B, and U1523E is required to gen-
erate a conclusive composite depth scale and magnetostratigraphy.

Normal polarity Subzone N1.1 is present in Cores 374-U1523A-
1H and 374-U1523E-1H (0–8.51 and 0–9.86 m CSF-A, respectively) 
(Figure F16). Subzones N1.2, R1.1, N1.3, and R1.2 occur in Cores 
374-U1523E-3F and 4F (16.0–24.28 m CSF-A). However, it is un-
clear whether the normal polarity zone in Core 374-U1523A-3H 
correlates to Subzone N1.2 or N1.3. Subzone R1.2 is only ~30 cm 
thick, and further postcruise work is required to test its reliability.

A second polarity zone (Figure F16) encompasses Zone R2 and 
Subzone N2.1 in Core 374-U1523B-3F (46.70–49.50 m CSF-A) and 
Subzones N2.2 and N2.3 in Cores 5F (56.10–60.37 m CSF-A) and 7F 
(65.50–70.30 m CSF-A), respectively. The normal polarity zone 
identified in Core 374-U1523E-12F (60.00–64.85 m CSF-A) proba-
bly represents Subzone N2.2 or N2.3. The third polarity zone (Fig-
ure F16) predominantly occurs in Cores 374-U1523E-15F and 16F 

(81.70–90.82 m CSF-A) and contains Subzones N3.1, R3.1, and 
N3.2, as well as a normal polarity zone in Core 374-U1523B-10F 
(79.60–84.15 m CSF-A) that may coincide with Subzones N3.1 or 
N3.2. Cores 374-U1523E-20F, 21F, 23F, and 25F (105.70–130.33 m 
CSF-A) and 374-U1523B-20F (127.50–132.03 m CSF-A) include a 
fourth polarity zone that contains Subzones R4.1 and N4.1–N4.3.

Confident correlation of Zones N1–N4 to the GPTS requires in-
dependent biostratigraphic age control (see Biostratigraphy and 
paleontology). However, limited biostratigraphic age control is 
available for the upper ~25 m CSF-A of Holes U1523A and U1523E. 
We hence tie the first polarity zone to the Brunhes Chron (C1n [0–
0.781 Ma]) (Figure F16). Good biostratigraphic tie points at ~25 m 
CSF-A indicate an early Pleistocene age. Therefore, Subzone N1.3 is 
tied to the Olduvai Chron (C2n [1.778–1.945 Ma]) (Figure F16; Ta-
ble T9). Biostratigraphic datums indicate a possible hiatus between 
Cores 374-U1523E-3F and 4F, so Subzone N1.2 could be tied to the 
Brunhes Chron (C1n [0–0.781 Ma]) or Jaramillo Subchron (C1r.1n 
[0.988–1.072 Ma]). Further work is required to differentiate be-
tween these two options.

Biostratigraphic datums suggest that the second and third polar-
ity zones correlate with the early Pleistocene to late Pliocene. Zone 
R2 is therefore tied to Subchron C2r.2r (2.148–2.581 Ma), and Sub-
zone N2.1 is tied to Subchron C2An.1n (2.581–3.032 Ma) (Figure 
F16; Table T9). Biostratigraphy also suggests that Subzone R3.1 can 
be tied to the Kaena Subchron (C2An.1r [3.032–3.116 Ma]), but the 
possibility that it corresponds to the Mammoth Subchron cannot be 
excluded (C2An.2r [3.207–3.330 Ma]). Either way, Subzones N2.2, 
N2.3, N3.1, and N3.2 are all part of the Gauss Chron (C2An [2.581–
3.596 Ma]). Firm biostratigraphic tie points at ~110 m CSF-A sug-
gest that polarity Subzones R4.1 and N4.1 should correlate with 
Subchron C4r.2r and Chron C4An, respectively (the C4r.2r/C4An 
reversal is at 8.771 Ma). The Subzone R4.2/N4.2 reversal cannot be 
tied with certainty to the GPTS and may represent the base of Sub-
chron C4Ar.1r (9.311 Ma) or C4Ar.2r (9.647 Ma) (Figure F16; Table 
T9).

Magnetic susceptibility and AMS
We determined the mean magnetic susceptibility and AMS ten-

sor of all collected discrete samples. The AMS tensor prescribes the 
orientation and magnitude of the maximum (kmax), intermediate 
(kint), and minimum (kmin) susceptibilities (Figure F18). The degree 
of anisotropy (P) is approximated by the kmax/kmin ratio, where P = 1 
indicates no anisotropy and P > 1 indicates a high degree of aniso-
tropy. High variability in P values, ranging from ~1.01 to >1.1, is ob-
served in all lithostratigraphic units (Figure F18), which potentially 
reflects variations in grain size and/or compaction.

When P is >1 (i.e., anisotropic sample) and kmin is >60° (i.e., min-
imum susceptibility axis is steep), the anisotropy most likely arises 
from sediment compaction, as is commonly observed in many sedi-
mentary settings. If the kmin inclination is <60°, the sediments may 
be disturbed for paleomagnetic purposes, even if that disturbance is 
not clearly visible in the core. At Site U1523, the kmin inclination of a 
majority of samples is shallower than 60° (Figure F18). These sam-
ples are usually from relatively coarse grained intervals (e.g., sandy 
lithologies or those incorporating small clasts) that may yield a dif-
ferent compaction than fine-grained muddy intervals. Further post-
cruise work is required to separate the contributions of disturbed 
and coarse-grained intervals. This evaluation of the AMS data will 
also test the reliability of the NRM data collected on both discrete 
samples and archive-half core sections.
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Figure F17. Representative AF demagnetization behavior of oriented discrete samples, Site U1523. From left to right for each sample: Zijderveld diagrams with 
peak AF fields and initial NRM, equal area projections of directions during demagnetization (solid gray circles = lower hemisphere, open circles = upper hemi-
sphere), and fractional magnetization (normalized to initial NRM) during AF demagnetization. Note that the measurement steps affected by flux jumps are 
excluded from data analysis. A, D. Samples from a normal polarity zone. B. Sample from a reversed polarity zone. C. Sample without stable remanence from 
which no ChRM direction could be confidently estimated.
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Physical properties
Physical property measurements were completed on whole-

round sections, section halves, and discrete samples from Cores 
374-U1523A-1H through 7F (0–42.55 m CSF-A), 374-U1523B-3F 
through 24X (46.7–155.57 CSF-A), and 374-U1523E-1H through 
25F (0–130.33 m CSF-A). Some outliers and unreliable values were 
excluded from the measured data (Table T10). Following thermal 
equilibration (~4 h), gamma ray attenuation (GRA) bulk density, 
magnetic susceptibility, P-wave velocity, and NGR measurements 
were made on all whole-round sections using the WRMSL and the 
Natural Gamma Radiation Logger (NGRL). Sampling resolution for 
the WRMSL was 2.5 cm, and NGR was measured at 10 cm intervals. 
Thermal conductivity measurements were made using the full-
space needle probe. Discrete samples from the working-half sec-
tions (typically from Sections 1, 3, 5, and 7) were taken for moisture 

and density (MAD) measurements, generating bulk and grain den-
sity and porosity data. Shear strength measurements were also 
taken using the Torvane shear device. Discrete compressional wave 
velocity measurements were conducted on the working-half core 
sections of each core section using the P-wave caliper (PWC) con-
tact probe system on the Section Half Measurement Gantry 
(SHMG). Color reflectance and point magnetic susceptibility data 
were collected on the archive-half sections using the SHMSL. Red, 
green, and blue (RGB) were measured on the Section Half Imaging 
Logger (SHIL) (see Lithostratigraphy and Physical properties in 
the Expedition 374 methods chapter [McKay et al., 2019a]). The 
physical property measurements are in good overall agreement with 
the defined lithostratigraphic units. All physical property data are 
available from the Laboratory Information Management System 
(LIMS) database (http://web.iodp.tamu.edu/LORE).

Table T9. Preliminary magnetostratigraphic tie points, Site U1523. Download table in CSV format.

Chron 
boundary

Age 
(Ma)

Top core, section, 
interval (cm)

Top depth 
CSF-A (m)

Bottom core, section, 
interval (cm)

Bottom 
depth 

CSF-A (m)
Midpoint depth 

CSF-A (m)

C1r.3r/C2n 1.778 374-U1523E-4F-1, 100 21.70 374-U1523E-4F-1, 100 21.70 21.700
C2r/C2An 2.581 374-U1523B-3F-2, 40 48.52 374-U1523B-3F-2, 75 48.87 48.695
C4r.2r/C4An 8.771 374-U1523E-20F-1, 30 106.00 374-U1523E-20F-3, 15 108.77 107.385

Figure F18. Anisotropy of magnetic susceptibility, Site U1523. Degree of anisotropy (P) is approximated by the kmax/kmin ratio, in which P = 1 indicates no aniso-
tropy and P > 1 is more anisotropic. Mean magnetic susceptibility is the average of kmax, kint, and kmin.
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R.M. McKay et al. Site U1523
Magnetic susceptibility
Both whole-round measurements on the WRMSL and discrete 

point measurements on the SHMSL were used to characterize mag-
netic susceptibility at Site U1523 (Figure F19). Both methods 
yielded similar downhole variability with values ranging from 5 × 

10−5 to 300 × 10−5 SI. From the top of Holes U1523A, U1523B, and 
U1523E to ~100 m CSF-A (Core 374-U1523E-18F), magnetic sus-
ceptibility is highly variable, corresponding to alternating sandy and 
muddy layers in lithostratigraphic Units I and II. A relatively thin 
interval in Cores 374-U1523B-5F through 7F (55–70 m CSF-A) has 
particularly low magnetic susceptibility (~5 × 10−5 SI) and corre-
sponds to diatom-rich mud in Unit II. Magnetic susceptibility in 
Unit III is slightly elevated overall compared with overlying Unit II. 
This change may reflect decreased diatom/sand concentration and 
increased mud or clast content in Unit III.

Natural gamma radiation
NGR measurements show downhole variations between ~20 

and ~75 counts/s in Holes U1523A, U1523B, and U1523E (Figure 
F19). NGR increases slightly downhole from ~42 to ~48 counts/s in 
lithostratigraphic Unit I, which is composed of interbedded fora-
minifer-bearing muddy sand, diatom-bearing to diatom-rich dia-
mict, and mud. In Unit II, NGR is highly variable in Hole U1523B, 
with low values (~30 counts/s) in Cores 374-U1523B-5F, 7F, 9F, and 
12F that correspond to diatom-rich layers and high values (~55 
counts/s) in Core 8F that are possibly related to clast or mud con-
tent. In Unit III, NGR is generally relatively high (~50 counts/s) 
compared with Unit II, except in Section 21F-1 where values are rel-
atively low (30 counts/s) and correspond to diatom-rich mud with 
abundant clasts. Generally higher NGR values in Unit III may result 

Table T10. Physical property data exclusion schema, Site U1523. LIMS = Lab-
oratory Information Management System. WRMSL = Whole-Round Multi-
sensor Logger, SHMSL = Section Half Multisensor Logger, GRA = gamma ray 
attenuation, NGRL = Natural Gamma Radiation Logger, PWC = P-wave cali-
per, MAD = moisture and density. NA = not applicable. Download table in 
CSV format.

Measurement Instrument

LIMS edge 
trim 
(cm) Excluded values

Data points 
excluded 

(%)

Magnetic susceptibility WRMSL 12 >300 10−5 SI 1.5
Magnetic susceptibility SHMSL 12 >300 10−5 SI 1.4
GRA bulk density WRMSL 12 <1.2 and >2.5 g/cm3 1.2
Natural gamma radiation NGRL 12 NA NA
P-wave (core) WRMSL 12 <1500 and >2300 m/s 4.7
P-wave (point) PWC NA <1500 and >2300 m/s 25.5
Thermal conductivity TeKa-04 NA Manual 23.3
MAD bulk density MAD NA NA NA
MAD porosity MAD NA <30% and >70% 0.8
Shear strength Torvane NA NA NA
Color SHMSL NA NA NA

Figure F19. MS and NGR, Site U1523.
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R.M. McKay et al. Site U1523
from decreased diatom content and/or a subtle change in clay con-
tent.

Bulk density, grain density, and porosity
Discrete MAD samples yielded density values that are concen-

trated in a narrower range (~1.5–2.2 g/cm3) than that of GRA bulk
density (~1.1–2.5 g/cm3) (Figure F20). Higher variability in density
values obtained by the WRMSL is likely due to core disturbance.
Overall, a similar downhole trend between GRA and MAD bulk
densities is observed. Grain density also shows a similar trend to
GRA and MAD bulk density, and porosity is inversely related.

In lithostratigraphic Unit I (0 to ~35 m CSF-A), a downhole in-
crease in bulk density from 1.8 to 2.0 g/cm3 correlates with a poros-
ity decrease from 55% to 45%. Downhole increase in density and
decrease in porosity over this interval is likely due to variations in
lithology and compaction downhole. In Unit II (~35–95 m CSF-A),
bulk density varies downhole between ~1.4 and 1.8 g/cm3, corre-
sponding to alternating muddy sand, diatom-rich mud, and diatom
ooze. From 30 to 70 m CSF-A, a decrease in bulk density from 1.8 to
1.6 g/cm3 and grain density likely corresponds with a downhole in-
crease in diatom content. In Unit II, porosity is relatively constant at
~55%. Downhole variations in GRA bulk density, porosity, and
grain density in Unit III show overall similar variability to Unit II.

Compressional P-wave velocity
P-wave velocity measured with the P-wave logger (PWL) ranges

from ~1300 to 2200 m/s and from ~1300 to 2000 m/s when mea-

sured with the PWC; the values from both measurement systems
are in overall agreement and show similar downhole trends (Figure
F21). From 0 to 15 m CSF-A in lithostratigraphic Unit I, P-wave ve-
locity increases downhole from 1500 to 1800 m/s, which is likely a
result of compaction. Deeper than ~15 m CSF-A, P-wave velocity is
relatively constant at ~1600 m/s and lacks any significant downhole
variations or trends. Sparse anomalously high P-wave velocity mea-
surements are likely due to individual clasts in diamict(ite) intervals.

Shear strength
Shear strength measurements from the Torvane shear device

vary from 0.2 to 7 kg/cm2 (Figure F21). In lithostratigraphic Units I
and II, shear strength is generally <4 kg/cm2. However, shear
strength values are relatively high and increase downhole in Unit III.
This increase in shear strength in Unit III relative to overlying Units
I and II corresponds with a slight decrease in porosity and is likely
related to sediment compaction.

Thermal conductivity
Thermal conductivity was measured once per core using the

full-space needle probe on whole-round sections, typically in Sec-
tion 3 for APC cores or Section 2 for HLAPC cores. The quality of
thermal conductivity measurements was checked by evaluating two
parameters: (1) the number of solutions acquired and (2) the shape
of the curve formed on the temperature versus time plot of these
points. A valid measurement must have a sufficient number of solu-
tions to form an exponential curve. All measurements with a low

Figure F20. GRA and MAD bulk density, grain density, and porosity, Site U1523.
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R.M. McKay et al. Site U1523
number of solutions and/or a bad repartition of these values on the 
temperature versus time plot (i.e., forming two curves or no curve) 
were discarded, resulting in removal of 23% of the original data. 
Measurements range from 0.91 to 1.83 W/(m·K) from the top to the 
bottom of Holes U1523A, U1523B, and U1523E (Figure F21). Ther-
mal conductivity generally decreases downhole from the top of 
lithostratigraphic Unit I to the middle of Unit II (0–70 m CSF-A), 
increases downhole to the middle of Unit III (~115 m CSF-A), and 
decreases downhole from there to the bottom of Unit III.

Color reflectance spectroscopy
Color reflectance spectroscopy data were acquired on section 

halves using the SHMSL. At this site, all parameters (L*, a*, and b*) 
exhibit very minor changes downhole (Figures F22). Overall, L* and 
a* vary slightly downhole, representing alternating diamict and mud 
lithologies. b* shows the same overall trend with notable higher val-
ues observed in Cores 374-U1523B-21F and 374-U1523E-15F and 
16F (~80–90 m CSF-A) that correspond to diatom ooze identified 
in lithostratigraphic Unit II.

Summary
In general, data from whole-round measurements are in good 

agreement with those from split-core measurements (Figure F23). 
At Site U1523, data from Hole U1523E fills in missing intervals 
from Holes U1523A and U1523B (e.g., Cores 374-U1523A-2H and 
374-U1523B-6F, 11F, 14X, 18X, and 19X). Downhole changes in 
physical properties are in good overall agreement with the defined 
lithostratigraphic units based on sedimentological characteristics 
(see Lithostratigraphy; Figure F23; Table T11), and changes in 
physical properties can provide insight into lithologic variations in 
each unit. Magnetic susceptibility is highly variable in lithostrati-
graphic Unit I, corresponding to alternating sandy and muddy lay-
ers with abundant clasts and muddy diamict. Low bulk density, 
magnetic susceptibility, and NGR values in the middle of Unit II 
(Cores 374-U1523B-5F and 7F) are correlated with diatom-rich 
mud intervals. Relatively high and consistent NGR values in Unit III 
indicate relatively high clay mineral content in the massive biotur-
bated to laminated diatom-bearing mud and sandy mud.

Figure F21. P-wave velocity, shear strength, and thermal conductivity, Site U1523.
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Figure F22. Color reflectance spectroscopy, Site U1523.
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Figure F23. Physical properties summary, Site U1523. Dashed lines mark intervals with distinctive physical property characteristics that correlate with litho-
stratigraphic units.
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Table T11. Physical properties by lithostratigraphic unit, Site U1523. MS = magnetic susceptibility, NGR = natural gamma radiation, TCON = thermal conductiv-
ity. NA = not applicable. Download table in CSV format.

Top Bottom

Unit
Hole, core, 

interval (cm)
Depth 

CSF-A (m)
Hole, core, 

interval (cm)
Depth 

CSF-A (m) Physical properties Basic description

374- 374-
I U1523A-1H-1, 0 0 U1523A-6F-1, 0 36.9 MS: variable 

NGR: moderate with downhole increase
Bulk density: variable with downhole increase 
P-wave: variable 
Porosity: moderate with downhole decrease 
TCON: downhole increase

Diatom-bearing/rich mud 
interbedded with foraminifer-
bearing muddy sand and 
diamict

U1523B-1H-1, 0 0 In the drilled interval NA
U1523E-1H-1, 0 0 U1523E-7F-1, 0 34.7

II U1523A-6F-1, 0 36.9 U1523A-7F-CC, 12 42.55 MS: variable 
NGR: highly variable 
Bulk density: variable 
Porosity: variable 
P-wave: variable and slightly lower relative to overlying unit 
TCON: downhole decrease

Diatom-bearing/rich mud 
interbedded with foraminifer-
bearing muddy sand and 
diamict

U1523B-3F-1, 22 46.92 U1523B-14X-CC, 14 93.94
U1523E-7F-1, 0 34.7 U1523E-18F-1, 69 95.79

III U1523B-18X-CC, 0 108.3 U1523B-24X-CC, 30 155.57 MS: variable
NGR: slight downhole decrease and higher relative to 

overlying units
Bulk density: variable 
P-wave: variable 
Porosity: variable 
TCON: variable

Diatom-bearing/rich mud with 
dispersed clasts interbedded 
with diatom-bearing diamict;. 
glauconite and mud clasts are 
common

U1523E-18F-1, 69 95.79 U1523E-25F-CC, 27 130.33
IODP Proceedings 30 Volume 374
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Geochemistry and microbiology
Site U1523 samples were analyzed for headspace gas, interstitial 

water chemistry, and bulk sediment geochemistry. Methane and 
ethane concentrations are close to or below the detection limit, re-
spectively. In addition to low-resolution interstitial water sampling 
throughout Holes U1523A, U1523B, and U1523E, a high-resolution 
profile of interstitial water chemistry was obtained for the upper 8.1 
m CSF-A in Hole U1523B. Low-resolution downhole trends suggest 
manganese and sulfate reduction in the suboxic to anoxic transition 
zone. A rapid increase in silicon and manganese concentrations in 
the upper 2 m CSF-A probably reflect shallow diagenesis of silica. 
Bulk sediment total organic carbon (TOC) and calcium carbonate 
(CaCO3) contents are generally low throughout the site. Higher per-
centages in carbonate content are observed in foraminifer-bearing 
sandy mud in lithostratigraphic Units I and II. The TOC/total nitro-
gen (TN) ratio does not display a discernible trend, suggesting a 
mixed input of terrestrial and marine-derived organic matter. 
Handheld portable X-ray fluorescence (pXRF) scan data indicate a 
lower and more invariant Ba/Al ratio compared with Sites U1521 
and U1522. In contrast, significant downhole variations are ob-
served in ratios of refractory elements such as the Th/Ti ratio, 
which, with ratios like Fe/Ti, may serve as a provenance proxy at this 
site.

Volatile hydrocarbons
Headspace gas analyses were performed at a resolution of one 

sample per core (9.6 m advance) or one sample every other core for 
half cores (4.8 m advance) throughout Holes U1523A, U1523B, and 
U1523D as part of the routine environmental protection and safety 
monitoring program. Methane (CH4) is the only detectable hydro-
carbon (Table T12). Methane concentration is very low (~2–3 
ppmv) and does not show a discernible trend.

Interstitial water chemistry
A total of 61 interstitial water samples were squeezed from 

whole-round samples from 0 to 130.40 m CSF-A in Holes U1523A, 
U1523B, and U1523E (Table T13). In detail, a mudline sample and 
three interstitial water samples were taken from the upper 40.62 m 
CSF-A in Hole U1523A, four interstitial water samples were ob-

tained between 59.08 and 130.40 m CSF-A in Hole U1523B, and 
four whole-round samples for interstitial water measurements were 
obtained between 18.96 and 127.41 m CSF-A in Hole U1523E. To-
gether, these 12 samples constitute a low-resolution interstitial wa-
ter profile.

Additionally, Core 374-U1523B-1H (0–8.49 m CSF-A) was se-
lected for high-resolution interstitial water and microbiology sam-
pling (N = 50; Figure F24). Interstitial water samples were collected 
from 10 cm whole-round samples from 0–30 cm (N = 3), 50–80 cm 
(N = 3), and 100–130 cm (N = 3) in Sections 1H-1 through 1H-5 
and 0–20 cm (N = 2) and 40–70 cm (N = 3) in Section 1H-6. Fil-
tered subsamples of all interstitial water samples were prioritized 
in the order detailed in Geochemistry and microbiology in the 
Expedition 374 methods chapter (McKay et al., 2019a) for ship-
board and shore-based analyses. General downhole trends for all 
measured properties are described below, and the high-resolution 
interstitial water sampling results are presented in High-resolu-
tion sampling.

Salinity, pH, ammonium, alkalinity, sulfate, and manganese
The average salinity for the mudline and all interstitial water 

samples across all holes is 35, similar to ambient seawater. The pH 
is 7.8 (±0.1) between 0 and 130.40 m CSF-A. Ammonium concen-
tration increases linearly (r2 = 0.99) from 9 mM in the Hole 
U1523A mudline water to 692 mM in the deepest interstitial water 
sample taken at Site U1523 (130.40 m CSF-A in Hole U1523B). Al-
kalinity increases linearly from 2.7 to ~3.8 mM in the upper 8.1 m 
CSF-A of Holes U1523A and U1523B. Deeper than 8.1 m CSF-A, 
alkalinity increases to a peak of 7.5 mM at 68.41 m CSF-A, where it 
plateaus at 7.1–7.6 mM downhole to 130.40 m CSF-A (Figure F25). 
Sulfate decreases from typical seawater values of ~28 mM (0–0.1 
m CSF-A) to ~13 mM at 130.40 m CSF-A. These results contrast 
with interstitial water profiles documented for Sites U1521 and 
U1522, where sulfate decreases to <10 mM by ~80 m CSF-A. Man-
ganese concentration increases from values below detection limit 
in the Hole U1523A mudline sample to 37 μM at 89.35 m CSF-A 
but then decreases to 25–28 μM by 127.40–130.40 m CSF-A (Fig-
ure F25). All downhole profiles described above are consistent 
with manganese and sulfate reduction in the suboxic–anoxic tran-
sition zone.

Silicon, magnesium, and lithium
Silicon and dissolved silica, measured by inductively coupled 

plasma–optical emission spectroscopy (ICP-OES) and spectro-
photometry, respectively (see Geochemistry and microbiology in 
the Expedition 374 methods chapter [McKay et al., 2019a]), are in 

Table T12. Volatile hydrocarbon concentrations, Site U1523. Download 
table in CSV format.

Table T13. Interstitial water geochemical data, Site U1523. Download table 
in CSV format.

Figure F24. High-resolution sampling scheme for interstitial water and microbiology (U1523B-1H [0–8.49 m CSF-A]).
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very good agreement in interstitial water samples from Site U1523, 
indicating that the total silicon in the samples is primarily silicic 
acid. The mudline water sample from Hole U1523A has a low sili-
con concentration of 134 μM, which is common in the ambient wa-
ter column. A pronounced silicon concentration increase to 329 μM 
is observed between the mudline sample and the uppermost inter-
stitial water sample (374-U1523B-1H-1, 0–10 cm). A peak silicon 
concentration of 1019 μM is reached at 130.40 m CSF-A (Figure 
F26). Silicon concentration deeper than 40.62 m CSF-A is ~800–
1000 μM and likely reflects equilibrium conditions between dia-
genesis/dissolution of biogenic silica and silica saturation in the in-
terstitial water (Figure F26).

Magnesium concentration shows low variability and ranges gen-
erally between 35 and 45 mM from the mudline downhole to 130.40 
m CSF-A. Calcium and potassium downhole profiles are similar to 
that of magnesium. Lithium concentration is generally between 21 
and 27 μM at 0–82.34 m CSF-A. Lithium increases downhole expo-
nentially to a maximum concentration of 43 μM at 130.40 m CSF-A. 
Downhole variations in silicon, magnesium, and lithium (Figure 
F26) are very consistent between Holes U1523A, U1523B, and 
U1523E.

High-resolution sampling
High-resolution interstitial water data from Core 374-U1523B-

1H (Table T13) are in excellent agreement with interstitial water 

measurements conducted at lower resolution in Holes U1523A, 
U1523B, and U1523E. Chloride concentration shows a slight in-
crease of ~4% in the uppermost 0.2 m CSF-A of the high-resolution 
data set and stabilizes below this depth (560 ± 3 mM). Alkalinity lin-
early increases with a slope almost identical to that observed from 
low-resolution data in Hole U1523A (Figure F25). Increasing con-
centrations of silicon and manganese from Core 1H is in line with 
the lower resolution profiles. In detail, the most significant concen-
tration increase in silicon, from ~300 to ~550 μM, occurs in the up-
permost 1 m CSF-A (Figure F26). Between 1 and 8 m CSF-A, 
relatively constant concentration is observed, with some variability 
around a mean value of 657 ± 74 μM. Similarly, manganese concen-
tration increases from low values (<3 μM) to ~10 μM in the upper-
most 1.6 m CSF-A. These elemental profiles are consistent with 
shallow diagenesis of silica. Other elements (e.g., magnesium, cal-
cium, potassium, sodium, and strontium) show very little variation 
in the high-resolution interstitial water samples.

Bulk sediment geochemistry
Carbon, nitrogen, and carbonate

Discrete sediment samples (N = 41) from all major lithostrati-
graphic units identified at Site U1523 were analyzed for total car-
bon, TN, and total inorganic carbon. TOC and CaCO3 contents 
were subsequently calculated (Table T14). TOC content is generally 
low (≤0.6 wt%) but increases slightly through the upper ~85 m CSF-

Figure F25. Interstitial water alkalinity, manganese, and sulfate, Site U1523. Top: large symbols = low-resolution sampling in Holes U1523A (diamonds), U1523B 
(circles), and U1523E (triangles); small circles = high-resolution sampling in Hole U1523B. Stars = mudline water concentrations. Bottom: high-resolution 
results (U1523B-1H [0–8.1 m CSF-A]).
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A (Figure F27). Slightly lower values (0.02–0.39 wt%) occur in the
mainly diatom-bearing mud and diamict of lithostratigraphic Unit
III between 96 and 155 m CSF-A. TN content is very low (<0.1
wt%), with values increasing slightly downhole over the upper 85 m
CSF-A. Except for three samples with significantly elevated ratios
(29, 44, and 33) collected from Cores 374-U1523A-1H and 6F and
Core 374-U1523E-4F, respectively, the TOC/TN ratio ranges be-
tween 2 and 17 (Figure F27), suggesting a mixed (i.e., marine and
terrigenous) source of the organic matter deposited at Site U1523.
CaCO3 content is generally low and ranges between 0.2 and 2.5 wt%,
with slightly higher and more variable values occurring in the inter-
bedded diatom-bearing sandy mud of Units I and II in the upper 76
m CSF-A. Three distinct CaCO3 maxima (as much as 15.5 wt%) are
observed in samples from sandy foraminifer-bearing mud in Sec-
tions 374-U1523A-6F-3 and 374-U1523E-4F-2 and 15F-3. The up-
per two of these three samples also exhibit a significantly elevated
TOC/TN ratio.

pXRF data
Shipboard pXRF data (Table T15) were collected from Holes

U1523A, U1523B, and U1523E using two different methods (“geo-

chem” and “soil”; see Lithostratigraphy and Geochemistry and
microbiology in the Expedition 374 methods chapter [McKay et
al., 2019a]). Data from all three holes are combined to illustrate
downhole trends and show a positive relationship between the
Ba/Al and Fe/Al ratios (r2 = 0.7). The Ba/Al ratios are relatively in-
variant, with the exception of data points at 22.61 and 22.91 m
CSF-A in Hole U1523E and 75.61 m CSF-A in Hole U1523B (Figure
F28). This observation contrasts with results for Sites U1521 and
U1522, where the Ba/Al ratio varies cyclically over a larger range.
More systematic downhole variations are observed in the Si/K and
Si/Ti ratios, which are positively correlated (r2 = 0.87). Notably, the
Si/K ratio is elevated in interbedded muddy sand and diatom-bear-
ing/rich mud between ~50 and 90 m CSF-A in lithostratigraphic
Unit II, an interval characterized by low NGR and magnetic sus-
ceptibility (see Physical properties) (Figure F28). The Ti/Th ratio
fluctuates by a factor of four, with particularly low values in the
samples that yielded an elevated Ba/Al ratio (Figure F28). The
highest frequency fluctuations in the uppermost 90 m CSF-A are
observed in the Fe/Ti ratio, which is likely to represent a good
provenance indicator for the Ross Sea along with ratios of refrac-
tory elements such as the Ti/Th ratio.

Microbiological sampling
In total, 11 samples were collected from Holes U1523A and

U1523B for shore-based stable and clumped isotope analyses of

Figure F26. Interstitial water silicon, magnesium, and lithium, Site U1523. Top: large symbols = low-resolution sampling in Holes U1523A (diamonds), U1523B
(circles), and U1523E (triangles); small circles = high-resolution sampling in Hole U1523B. Stars = mudline water concentrations. Bottom: high-resolution
results (U1523B-1H [0–8.1 m CSF-A]).
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methane and ethane. Syringe samples for detailed analyses of meta-
genomics, cell counts, metabolomics, and cultures were taken from 
Sections 374-U1523A-6F-2, 374-U1523B-5F-1 and 5F-2, and 374-
U1523E-3F-1, 3F-2, 16F-1, 16F-2, 20F-1, and 20F-2 (see Geochem-
istry and microbiology in the Expedition 374 methods chapter 
[McKay et al., 2019a]).

High-resolution interstitial water sampling from Core 374-
U1523B-1H was accompanied by higher resolution sampling for 

microbiology. In detail, 10 cm whole-round samples were collected 
at 30–50 cm (N = 2), 80–100 cm (N = 2), and 130–150 cm (N = 2) in 
Sections 1H-1 through 1H-5 and from 20–40 cm (N = 2) in Section 
1H-6 (Figure F24). Half of these whole rounds were immediately 
stored at −80°C for onshore analyses of metabolomics and tag-am-
plicon sequencing. The other half was further subsampled (see 
Geochemistry and microbiology in the Expedition 374 methods 
chapter [McKay et al., 2019a] for details) for shore-based analyses of 
metagenomics and culturing.

Figure F27. Bulk sediment TOC, calcium carbonate (CaCO3), and the TOC/TN ratio, Site U1523. Note scale breaks for CaCO3 and the TOC/TN ratio. Dashed lines 
mark lithostratigraphic unit boundaries (see Table T2).
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Downhole measurements
Logging operations

Preparation of Hole U1523D for logging included release of the 
RCB drill bit at 0800 h on 2 February 2018 and cleaning the hole 
with two 50 bbl high-viscosity (10.5 lb/gal) mud sweeps to improve 
hole conditions. This was followed by an additional 20 bbl of heavy 
mud, and then the hole was displaced with 94 bbl of 10.5 lb/gal mud 
from 307.8 m DSF to the seafloor. The drill string was pulled up to a 
logging depth of 82.3 m DSF. After the end of the pipe was posi-
tioned, the hole was displaced with a further 20 bbl of heavy (10.5 
lb/gal) mud.

The rig floor was prepared for logging at 1130 h on 2 February. 
An average heave of 0.3 m was estimated prior to logging, and the 
active heave compensator was switched on once the tools reached 
open hole. A modified triple combo tool string was assembled for 
the first run (see Downhole measurements in the Expedition 374 
methods chapter [McKay et al., 2019a]). The triple combo tool 
string consisted of the following tools:

• MSS,
• HRLA,
• DSI,
• HLDS (without source),
• HNGS, and
• EDTC.

The triple combo tool string was assembled, tested, and lowered 
into the drill string at 1320 h. The HNGS and MSS were run while 
the tools were lowered to the bottom of the hole, and all tools were 
run during the upward logging run. The base of the tool reached 
292 m WSF, ~15 m above the total depth of the hole at 307.8 m DSF. 
The caliper arms were opened, and the hole was then logged up 
with a 136 m calibration pass. The tool was run back to bottom, this 
time reaching 288 m WSF, and logged up with the modified triple 
combo tool string. Upon visual inspection, the curves from the two 
runs were identical. Before reaching the end of pipe at 82.3 m DSF, 
the end of pipe was raised to 67 m DSF. The caliper arms were 
closed before entering the BHA. The modified triple combo tool 
string was back at the rig floor at 1630 h and disassembled by 1745 
h on 2 February.

The second logging run used the FMS tool string, which con-
sisted of the following tools (see Downhole measurements in the 
Expedition 374 methods chapter [McKay et al., 2019a]):

• FMS,
• HNGS, and
• EDTC.

The tool string was assembled and deployed into the drill 
string at 1820 h on 2 February. NGR was logged from above the 
seafloor and through the drill pipe to depth-match results to the 
first logging run. Total depth reached with the FMS tool string was 

Figure F28. Element ratios derived from handheld pXRF scanning, Site U1523. Dashed lines mark lithostratigraphic unit boundaries (see Lithostratigraphy; 
Table T2).
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289.6 m WSF, and a first upward pass was logged to the end of pipe 
at 82.3 m DSF. After closing the calipers and lowering the tool back 
to 289.6 m WSF, a second upward pass was collected and the end 
of pipe was raised 15 m to increase logging coverage of the upper 
part of the borehole. The FMS tool string was returned to the rig 
floor, and all logging tools and equipment were disassembled by 
2245 h.

Log data quality and comparison with shipboard 
physical properties

All log curves were depth-matched using the total gamma ray 
log from the main pass of the triple combo tool string as the refer-
ence, allowing a unified depth scale to be produced. Features in the 
gamma ray logs from the FMS tool string passes were aligned to the 
reference log to produce a complete depth-matched data set. Log 
data were then depth-shifted to the seafloor, as identified by a step-
wise increase in the gamma ray value, leading to the wireline log 
matched depth below seafloor (WMSF) depth scale. The triple 
combo logging run identified the seafloor at 839 m wireline depth 
below rig floor (WRF).

Borehole quality in Hole U1523D was variable. Borehole diame-
ter measured by the caliper varied widely, indicating numerous 
washed out intervals and multiple ledges. Caliper width ranged 
from 12.8 to 14.0 inches. The most significant washouts (more than 
~4 inches on the caliper log) are at 110, 120, 145, 163, 177, 193, 203, 
and 207 m WMSF (Figure F29). Other deviations from the bit diam-
eter were relatively minor, and most of the borehole wall had low to 
medium rugosity.

The quality of the logs can also be assessed by comparison with 
physical property measurements made on Site U1523 cores (see 
Physical properties). Because Hole U1523D was drilled without 
coring to 135 m DSF and core recovery with the RCB coring system 
was very low (0.5%) below that depth, correlation between log and 
core data from Hole U1523D was not possible. Three other holes 
were cored at this site (Hole U1523A from 0 to 46.3 m DSF, Hole 
U1523B from 0 to 164.4 m DSF, and Hole U1523E from 0 to 130.8 m 
DSF), and core recovery was adequate from these holes for compar-
ison with logging data from the upper part of Hole U1523D. Note 
that downhole logs are shown on the WMSF depth scale, whereas 
physical property data are shown on the CSF-A depth scale on Fig-
ure F30. Offsets at the scale of the entire drilled/logged interval are 
minor (typically <2 m) and thus still allow comparison of downhole 
trends.

In general, the gamma ray and P-wave velocity data show good 
correspondence between overlapping downhole and shipboard 
measurements throughout the borehole, although the overlapping 
interval only spans ~80 m (Figure F30). Although the downhole 
gamma ray and shipboard NGR data have different units, the trends 
and relative magnitude of downhole shifts are comparable. Some 
discrepancies exist between downhole gamma ray and shipboard 
NGR data from Hole U1523B at ~75 m CSF-A, where laboratory 
measurements are much higher. Between 100 and 150 m CSF-A, 
laboratory measurements appear to overestimate gamma ray counts 
relative to the downhole measurements.

The agreement between downhole P-wave velocity from the 
sonic log and shipboard PWC P-wave velocity is fair in the overlap-
ping section. Although general downhole trends are similar, the 
shipboard PWC consistently underestimates P-wave velocity rela-
tive to the downhole sonic log (Figure F30). Magnetic susceptibil-
ity data also show reasonable correspondence, although there is a 

wide range in values. A clear downhole drift in the magnetic sus-
ceptibility logging data is likely due to tool temperature (Figure 
F30).

FMS images appear to be overall of good quality, indicating that 
the pads made reasonable contact with the borehole walls (Figure 
F31). Data may be less reliable in the vicinity of significant washouts 
(more than ~4 inches on the caliper log) (e.g., at 110, 120, 145, 163, 
177, 193, 203, and 207 m WMSF).

Logging units
Downhole logging data for Hole U1523D are summarized in 

Figure F29. Three logging units are defined on the basis of distinc-
tive features in the gamma ray, resistivity, magnetic susceptibility, 
and velocity (sonic) logs (Table T16). The units start at 72 m WMSF 
(end of pipe depth below seafloor) and end at 280 m WMSF.

Logging Unit 1 (72.0–92.0 m WMSF)
Logging Unit 1 is the uppermost unit logged in Hole U1523D. It 

is characterized by relatively low gamma radiation (typically ~54–
66 gAPI), moderate resistivity (1.48–1.91 Ωm), low to moderate ve-
locity (~1630–1680 m/s), and variable magnetic susceptibility 
(~1790–2000 instrument units [IU]) (Figure F29). Unit 1 corre-
sponds to the basal part of lithostratigraphic Unit II (~34.7–95.8 m 
CSF-A in Hole U1523E; see Lithostratigraphy), which is composed 
of diatom-bearing/rich mud to muddy diatom ooze interbedded 
with diamict. Glauconite is also common.

Logging Unit 2 (92.0–191.0 m WMSF)
Logging Unit 2 is characterized by relatively high gamma radia-

tion (~64–66 gAPI) with peak values of ~74 gAPI. The unit has 
moderate resistivity (1.54–1.98 Ωm) and moderate velocity values 
(~1680–1790 m/s). Magnetic susceptibility varies significantly 
(~1780–2010 IU) (Figure F29), and these variations may corre-
spond to lithologic changes in the interbedded (decimeter to meter 
scale) diatom-bearing/rich mud and diatom-bearing diamict of 
lithostratigraphic Unit III (95.8–130.3 m CSF-A in Hole U1523E).

Logging Unit 3 (191.0–280.0 m WMSF)
Logging Unit 3 is characterized by distinct intervals of low 

gamma radiation (~50 gAPI), high resistivity (~2.35 Ωm), high ve-
locity (>2000 m/s), and high magnetic susceptibility (~2340 IU) 
(e.g., at 196, 209, 225 and 239 m WMSF). In between these intervals, 
gamma radiation is relatively high (63–74 gAPI), with low resistivity 
(1.33–1.65 Ωm), lower velocity (~1710–1810 m/s), and moderate 
magnetic susceptibility (~2010–2110 IU) (Figure F29). Because 
Unit 3 is below the depth of recovered core in Holes U1523A, 
U1523B, and U1523E (deeper than 155.57 m CSF-A in Hole 
U1523B), there are no lithostratigraphic units for comparison. Unit 
3 is interpreted as alternating intervals of diatom-bearing mud, dia-
mict, and gravel layers.

FMS images
FMS resistivity images show submeter variations in the texture 

and lithologies of the borehole walls (Figure F31). Logging Units 1 
and 2 are characterized by variable resistivity with high-resistivity 
mottled and patchy textures, intervals of alternating high and low 
resistivity and distinct high-resistivity spots (Figure F31A–F31C). 
This corresponds to interbedded muddy sand, diatom-bearing/rich 
mud (occasionally with clasts), diatom ooze, and thin intervals of 
diamict in the cores. Localized, centimeter-scale high-resistivity 
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spots are interpreted as clasts in the diamict. Unit 3 is characterized
by distinct intervals of high and low resistivity, although resistivity
continues to vary in these layers (Figure F31D). High-resistivity
spots in FMS images below intervals of core recovery (Unit 3) sug-
gests clasts are present, which is consistent with alternating inter-
vals of diatom-bearing mud, diamict, and gravel layers.

Core-log-seismic integration
We combined log data from Hole U1523D; sediment core obser-

vations and physical property data from Holes U1523A, U1523B,
and U1523E; and seismic-reflection data to evaluate whether the

observed sedimentary, physical property, log, and seismic units
could be integrated. Seismic-reflection Profile IT17RS301, acquired
in 2017 aboard the OGS Explora, crosses Site U1523 and was used
for core-log-seismic integration (Figure F32). To correlate the core
and log data with features observed on the seismic-reflection data
for Site U1523, we converted lithostratigraphic and logging unit
boundaries from depth in meters to TWT using two different meth-
ods:

• PWC point-source velocity data from physical property mea-
surements (see Physical properties) and

• Sonic velocity data from the DSI.

Figure F29. Downhole log data summary, Site U1523. Downhole logging data are on the WMSF depth scale, and core data are on the CSF-A depth scale, with
small depth discrepancies (usually <2 m) between the two depth scales. See Table T10 in the Expedition 374 methods chapter (McKay et al., 2019a) for tool and
measurement acronym definitions. VP = P-wave velocity, VS = S-wave velocity.
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Discrete P-wave velocity laboratory measurements on cores 
gave relatively slow values, whereas the sonic log corresponds well 
with the stacking velocities. Core-log-seismic integration is limited 
by poor core recovery deeper than ~160 m CSF-A. Two seismic 
units are defined; Unit A (1150–1270 ms TWT) is characterized by 
moderate- to high-amplitude, parallel, continuous seismic reflec-
tors, and Unit B (1270–1550 ms TWT) is characterized by reflec-

tors with similar continuity and geometry but of low to moderate 
amplitude. The boundary between seismic Units A and B coincides 
with the boundary between logging Units 1 and 2 and lithostrati-
graphic Units II and III (Figure F32). Units A and B are interpreted 
as drift deposits.

Figure F30. (A) NGR (B) P-wave velocity, and (C) MS data comparisons, Site U1523. Downhole logging data are on the WMSF depth scale, and core data are on 
the CSF-A depth scale, with small depth discrepancies (usually <2 m) between the two depth scales.
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Figure F31. FMS image examples, Hole U1523D. A. Mottled and patchy resistivity expression of various diamict lithologies in logging Unit 1. B, C. Intervals of 
alternating low-resistivity diatom-bearing/rich mud and high-resistivity intervals with mottled and patchy textures typical of diamict lithologies in logging 
Unit 2. D. Distinct intervals of high and low resistivity in logging Unit 3. Depths are in meters WMSF.

Logging Unit 2 (lithostratigraphic Unit III)Logging Unit 1 (lithostratigraphic Unit II)

Logging Unit 2 (lithostratigraphic Unit III) Logging Unit 3 (no core recovery)

A B

C D

Conductive Resistive

Table T16. Logging unit characteristics, Site U1523. * = interquartile range. FMS = Formation MicroScanner. Download table in CSV format.

Logging 
unit

Top depth 
WMSF (m)

Base depth 
WMSF (m)

Caliper (inches 
relative to bit size)

Gamma ray 
(gAPI)*

Resistivity 
(true; Ωm)*

P-wave 
velocity (m/s)*

Magnetic 
susceptibility (IU)*

FMS image 
expression Lithologic description

1 72 92 12.56–13.72 54.33–65.76 1.480–1.907 1628–1678 1788–1997 Variable resistivity with high-
resistivity mottled and 
patchy textures; intervals of 
alternating high and low 
resistivity and high-
resistivity clasts

Diatom-bearing/rich mud 
to muddy diatom ooze 
interbedded with 
diamict; glauconite is 
common

2 92 191 12.82–14.03 63.88–74.3 1.542–1.977 1682–1788 1779–2011 Variable resistivity with high-
resistivity mottled and 
patchy textures; intervals of 
alternating high and low 
resistivity and high-
resistivity clasts

Diatom-bearing/rich mud 
with dispersed clasts 
interbedded with 
diatom-bearing diamict; 
glauconite and mud 
clasts are common 

3 191 280 12.94–13.92 63.08–74.16 1.329–1.645 1713–1811 2007–2110 Distinct intervals of high and 
low resistivity, with 
variations in resistivity 
throughout these layers

Limited core recovery
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Figure F32. Core-log-seismic integration, Site U1523. Single-channel seismic-reflection Profile IT17RS-301 collected by Istituto Nazionale di Oceanografia e
Geofisica Sperimentale (OGS, Italy) under Programma Nazionale delle Ricerche in Antartide (PNRA) and EU Eurofleets project in 2017 (Gales et al., unpubl.
data). Source was a 2 GI gun array in harmonic mode (3.44 L), and data were acquired with a 10 m streamer (10 channels; near offset was nominally 40 m)
towed at a nominal depth of 1–1.5 m below the surface. Seismic Units A and B are defined primarily by differences in amplitude. CDP = common depth point.
MSS = downhole MS (IU), DSI = downhole sonic velocity (m/s), HNGS = downhole NGR (gAPI). A, B = seismic units.
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