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1. Background and objectives
Site U1609 is located at 1659.5 meters below sea level (mbsl) on the continental slope of the Portu-
guese margin (37°22.6159′N, 09°35.9119′W) close to Cape São Vicente (Figure F1). The primary 
scientific objective of Site U1609 was to recover a distal sedimentary record of the Late Miocene–
Pliocene Mediterranean overflow plume (Figure F2). The aim was to capture the evolution of the 
plume’s equilibrium depth with time from the earliest evidence of overflow through the Rifian 
Corridor (~7.8 Ma; Capella et al., 2017) through the Mediterranean’s Messinian Salinity Crisis 
(MSC) (5.97–5.33 Ma; Roveri et al., 2014) to the Early Pliocene (~4 Ma). This interval of major 
gateway and Mediterranean environmental change is likely to have substantially influenced both 
the density and chemistry of the overflow on subprecessional to million-year timescales (Krijgs-
man et al., 2024).

Site U1609 is 17 km west and downslope from Integrated Ocean Drilling Program Expedition 339 
Site U1391 (Figure F1), which targeted the Pliocene–Quaternary contourite depositional system 
(Expedition 339 Scientists, 2013). The succession recovered there comprised Pliocene–Quaternary 
muddy contourites with interbedded sands, hemipelagites, and several layers of mass movement 
deposits (Expedition 339 Scientists, 2013). On seismic profiles linking Site U1391 with Site U1609 
(Figure F3), packages of contouritic drift migrate landward with time (Rodrigues et al., 2020). Site 
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Figure F1. A. Bathymetry location map, Site U1609 with nearby sites from Expeditions 339 and 397. Box = location of B. 
B. Zoomed-in bathymetric map, Site U1609.
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U1609 was located seaward of Site U1391 to target both the older Miocene–Pliocene succession 
and take advantage of the surface erosion visible in the seismic data. This erosion of the late Qua-
ternary succession renders the older interval of interest (8–4 Ma) more accessible at shallower 
depths than elsewhere. The seismic data also suggest that the Late Miocene succession at Site 
U1609 is likely to provide a more complete record of the Mediterranean overflow plume than at 
Site U1610 (Figure F2), which is closer to the gateway. The more distal position of Site U1609 
ensures that a less clastic, more hemipelagic succession is recovered, generating sediments suit-
able for high-resolution astrochronological tuning. This robust age framework is essential for 
investigating the subprecessional evolution, variability, and driving mechanisms of the Mediterra-
nean overflow plume.
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features and Expedition 401 sites. AMW = Atlantic Mediterranean Water.
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Figure F3. Seismic Profile IL1774 with location and approximate penetration of Hole U1609A and Expedition 339 Hole 
U1391C. SP = shotpoint, TWT = two-way traveltime.
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1.1. Objectives
The major objective for Site U1609 was to recover a 8–4 Ma succession that records the distal 
evolution of the Mediterranean overflow plume during a phase of major Mediterranean–Atlantic 
gateway change and the formation of a salt giant in the Mediterranean. This has potential conse-
quences for global climate change (Krijgsman et al., 2024). In combination with other Expedition 
401 Atlantic sites, the record from Site U1609 also allows us to investigate more specific objectives 
including the following:

• To establish the age of the earliest contourites formed as a result of Mediterranean overflow,
• To evaluate the impact of extreme environmental fluctuations in the Mediterranean on its 

overflow plume and the structure of the Atlantic water masses, and
• To provide quantitative constraints on the mixing behavior of dense overflows by reconstruct-

ing the strength and attenuation rate of the Atlantic–Mediterranean exchange signal beyond 
the gateway.

2. Operations
The ship arrived at Site U1609 at 1655 h on 17 December 2023 after completing the 1220 nmi 
voyage from Amsterdam (Netherlands) in 4.5 days. All thrusters were down and secure at 1712 h, 
and the ship switched to full auto dynamic positioning (DP) mode at 1720 h, marking the start of 
operations at Site U1609. Operations started on the rig floor with assembly of the bottom-hole 
assembly (BHA). For Site U1609, we used a polycrystalline diamond compact (PDC) drill bit, and 
for the extended core barrel (XCB) cores we used a PDC cutting shoe. During recent International 
Ocean Discovery Program (IODP) expeditions, including Expedition 397 in the same area, this 
combination was found to yield very good recovery of XCB cores.

2.1. Hole U1609A
At 0430 h on 18 December 2023 after one missed mudline, we were successful in starting Hole 
U1609A (37°22.6259′N, 9°35.9120′W), with the seafloor calculated at 1659.5 mbsl based on the 
core recovery and mudline depth in Core 1H. Cores 1H–25H penetrated from the seafloor to 
224.7 meters below seafloor (mbsf ) and recovered 224.7 m (85%). Advanced piston corer tempera-
ture (APCT-3) tool temperature measurements were made during Cores 4H, 7H, 10H, and 13H, 
and all recorded smooth 10 min long temperature equilibration curves. At 0300 h on 19 Decem-
ber, we switched to the half-length advanced piston corer (HLAPC) system. Cores 26F–37F pene-
trated from 224.7 to 269.7 mbsf and recovered 45 m (102%). At 1430 h at 269.7 mbsf, we changed 
to XCB coring. Cores 38X–73X penetrated from 269.7 to 610.0 mbsf and recovered 340.3 m (99%) 
(Table T1). Over the course of the hole, the driller pumped eight 30 bbl sepiolite mud sweeps from 
274.7 to 571.0 mbsf.

After confirming that early Tortonian sediments had been reached and thus we had recovered the 
Messinian to late Tortonian target stratigraphy, we stopped coring. The last core (401-U1609A-
73X) reached 610.0 mbsf and came on deck at 2015 h on 22 December. We recovered 572.23 m of 
sediment over a 610.0 m cored interval (93.8% recovery) from Hole U1609A.

We prepared the hole for downhole logging by sweeping it with 30 bbl of sepiolite mud to flush out 
any loose sediment, displacing it with 230 bbl of barite-weighted mud to stabilize the borehole 
walls, and setting the end of pipe to 56.4 mbsf. The triple combo downhole logging tool string was 
assembled by 0130 h on 23 December, but before it could be run down the pipe, the wireline heave 
compensator control computer was found to be unresponsive. After troubleshooting diagnosed a 
probable hard drive failure, we decided to log without heave compensation. Ship heave was around 
2.5 m throughout the day, higher than desirable but not atypical for logging from the ship. The 
triple combo logged borehole physical properties data to within 5 m of the bottom of the hole. The 
second tool string, the Versatile Seismic Imager (VSI), also reached close to the bottom of the hole 
for the check shot survey. Concurrently, we observed for protected marine species. Only 2 of the 
13 check shot stations gave reliable first-arrival times because most of the borehole was too wide 
to achieve good coupling. Fortunately, those 2 stations were in the lower part of the hole where the 
03.2025 publications.iodp.org · 3
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Table T1. Core summary, Site U1609. DRF = drilling depth below rig floor, DSF = drilling depth below seafloor, CSF = core depth below seafloor. ROP = rate of penetra-
tion. Core type: H = APC, F = HLAPC, X = XCB, numeric core type = drilled interval. (Continued on next two pages.) Download table in CSV format.

Hole U1609A Hole U1609B
Latitude: 37°22.6259′N Latitude: 37°22.6159′N
Longitude: 9°35.9120′W Longitude: 9°35.9119′W
Water depth (m): 1659.5 Water depth (m): 1659.5
Date started (UTC): 1715 h; 17 December 2023 Date started (UTC): 2230 h; 23 December 2023
Date finished (UTC): 2230 h; 23 December 2023 Date finished (UTC): 0000 h; 28 December 2023
Time on hole (days): 6.22 Time on hole (days): 4.06
Seafloor depth DRF (m): 1670.5 Seafloor depth DRF (m): 1670.5
Seafloor depth est. method: APC Calculated Seafloor depth est. method: Offset
Rig floor to sea level (m): 11 Rig floor to sea level (m): 11
Penetration DSF (m): 610 Penetration DSF (m): 508.7
Cored interval (m): 610 Cored interval (m): 436.1
Recovered length (m): 572.23 Recovered length (m): 410.75
Recovery (%): 93.81 Recovery (%): 94.19
Drilled interval (m):  Drilled interval (m): 72.6
Drilled interval (N): 0 Drilled interval (N): 1
Total cores (N): 73 Total cores (N): 60
APC cores (N): 25 APC cores (N): 3
HLAPC cores (N): 12 HLAPC cores (N): 28
XCB cores (N): 36 XCB cores (N): 29
RCB cores (N): 0 RCB cores (N): 0
Other cores (N): 0 Other cores (N): 0

Core

Top depth 
drilled 

DSF (m)

Bottom depth 
drilled 

DSF (m)
Advanced 

(m)

Top depth 
cored 

CSF (m)

Bottom depth
recovered 

(m)

Recovered 
length 

(m)

Curated 
length 

(m)
Recovery 

(%)
Real ROP 

(m/h)
Sections 

(N)

Core on deck 
date 

(2023)

Core on deck 
time

UTC (h)

401-U1609A-
Start hole 18 Dec 0430
1H 0.0 2.4 2.4 0.0 2.38 2.38 2.38 99.0 3 18 Dec 0440
2H 2.4 11.9 9.5 2.4 12.68 10.28 10.28 108.0 114.0 8 18 Dec 0530
3H 11.9 21.4 9.5 11.9 21.67 9.77 9.77 103.0 114.0 8 18 Dec 0625
4H 21.4 30.9 9.5 21.4 31.48 10.08 10.08 106.0 114.0 8 18 Dec 0740
5H 30.9 40.4 9.5 30.9 40.85 9.95 9.95 105.0 114.0 8 18 Dec 0820
6H 40.4 49.9 9.5 40.4 50.60 10.19 10.20 107.0 114.0 8 18 Dec 0855
7H 49.9 59.4 9.5 49.9 60.22 10.32 10.32 109.0 114.0 8 18 Dec 1000
8H 59.4 68.9 9.5 59.4 69.54 10.14 10.14 107.0 114.0 8 18 Dec 1045
9H 68.9 78.4 9.5 68.9 78.50 9.70 9.60 102.0 114.0 8 18 Dec 1135
10H 78.4 87.9 9.5 78.4 88.65 10.25 10.25 108.0 114.0 8 18 Dec 1240
11H 87.9 97.4 9.5 87.9 97.35 9.45 9.45 99.0 114.0 8 18 Dec 1330
12H 97.4 106.9 9.5 97.4 105.67 8.27 8.27 87.0 114.0 7 18 Dec 1415
13H 106.9 116.4 9.5 106.9 117.17 10.27 10.27 108.0 57.0 9 18 Dec 1515
14H 116.4 125.9 9.5 116.4 122.82 6.42 6.42 68.0 57.0 6 18 Dec 1710
15H 125.9 135.4 9.5 125.9 134.96 9.06 9.06 95.0 57.0 7 18 Dec 1755
16H 135.4 144.9 9.5 135.4 141.48 6.08 6.08 64.0 57.0 5 18 Dec 1840
17H 144.9 154.4 9.5 144.9 151.53 6.63 6.63 70.0 57.0 6 18 Dec 1930
18H 154.4 163.9 9.5 154.4 160.35 5.95 5.95 63.0 57.0 5 18 Dec 2020
19H 163.9 173.4 9.5 163.9 168.44 4.54 4.54 48.0 57.0 4 18 Dec 2055
20H 173.4 182.9 9.5 173.4 183.18 9.78 9.78 103.0 57.0 8 18 Dec 2150
21H 182.9 192.4 9.5 182.9 188.70 5.80 5.80 61.0 38.0 5 18 Dec 2235
22H 192.4 201.9 9.5 192.4 195.99 3.59 3.59 38.0 38.0 4 18 Dec 2315
23H 201.9 211.4 9.5 201.9 206.43 4.53 4.53 48.0 38.0 4 19 Dec 0045
24H 211.4 220.9 9.5 211.4 214.85 3.45 3.45 36.0 38.0 3 19 Dec 0130
25H 220.9 224.7 3.8 220.9 224.67 3.77 3.77 99.0 15.2 4 19 Dec 0230
26F 224.7 225.0 0.3 224.7 224.95 0.25 0.25 83.0 3.6 1 19 Dec 0330
27F 225.0 229.8 4.8 225.0 230.08 5.08 5.08 106.0 57.6 5 19 Dec 0405
28F 229.8 233.9 4.1 229.8 233.93 4.13 4.13 101.0 49.2 4 19 Dec 0455
29F 233.9 234.2 0.3 233.9 234.15 0.25 0.25 83.0 3.6 1 19 Dec 0600
30F 234.2 238.9 4.7 234.2 239.22 5.02 5.02 107.0 56.4 5 19 Dec 0640
31F 238.9 243.7 4.8 238.9 243.94 5.04 5.04 105.0 57.6 5 19 Dec 0725
32F 243.7 248.4 4.7 243.7 248.75 5.05 5.05 107.0 56.4 5 19 Dec 0815
33F 248.4 253.2 4.8 248.4 253.51 5.11 5.11 106.0 57.6 5 19 Dec 0900
34F 253.2 257.9 4.7 253.2 257.58 4.38 4.38 93.0 56.4 4 19 Dec 0940
35F 257.9 262.7 4.8 257.9 262.33 4.43 4.43 92.0 57.6 4 19 Dec 1015
36F 262.7 266.2 3.5 262.7 266.16 3.46 3.46 99.0 21.0 4 19 Dec 1105
37F 266.2 269.7 3.5 266.2 269.74 3.54 3.54 101.0 21.0 4 19 Dec 1225
38X 269.7 274.7 5.0 269.7 276.20 6.50 6.50 130.0 2.9 6 19 Dec 1640
39X 274.7 280.2 5.5 274.7 282.86 8.16 8.16 148.0 3.7 7 19 Dec 1850
40X 280.2 289.9 9.7 280.2 290.09 9.89 9.89 102.0 4.3 8 19 Dec 2250
41X 289.9 299.6 9.7 289.9 299.83 9.93 9.93 102.0 11.6 8 20 Dec 0055
42X 299.6 309.3 9.7 299.6 309.17 9.57 9.57 99.0 10.6 8 20 Dec 0400
43X 309.3 319.0 9.7 309.3 319.25 9.95 9.95 103.0 10.6 8 20 Dec 0550
44X 319.0 328.7 9.7 319.0 328.93 9.93 9.93 102.0 14.6 8 20 Dec 0755
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45X 328.7 338.4 9.7 328.7 338.67 9.93 9.97 102.0 8.3 8 20 Dec 1000
46X 338.4 348.1 9.7 338.4 343.84 5.44 5.44 56.0 14.6 5 20 Dec 1135
47X 348.1 357.8 9.7 348.1 357.99 9.89 9.89 102.0 12.9 8 20 Dec 1315
48X 357.8 367.5 9.7 357.8 367.61 9.81 9.81 101.0 10.6 8 20 Dec 1510
49X 367.5 377.2 9.7 367.5 377.44 9.94 9.94 102.0 10.6 8 20 Dec 1655
50X 377.2 386.9 9.7 377.2 387.01 9.81 9.81 101.0 10.6 8 20 Dec 1850
51X 386.9 396.6 9.7 386.9 396.83 9.93 9.93 102.0 12.9 8 20 Dec 2045
52X 396.6 406.3 9.7 396.6 406.61 10.01 10.01 103.0 10.6 9 20 Dec 2240
53X 406.3 416.0 9.7 406.3 415.88 9.58 9.58 99.0 8.3 8 21 Dec 0055
54X 416.0 425.7 9.7 416.0 425.91 9.91 9.91 102.0 14.6 8 21 Dec 0315
55X 425.7 435.4 9.7 425.7 435.62 9.92 9.92 102.0 7.8 8 21 Dec 0545
56X 435.4 445.1 9.7 435.4 445.24 9.84 9.84 101.0 12.9 8 21 Dec 0730
57X 445.1 454.8 9.7 445.1 454.55 9.45 9.45 97.0 10.6 8 21 Dec 0940
58X 454.8 464.5 9.7 454.8 464.66 9.86 9.86 102.0 11.6 8 21 Dec 1130
59X 464.5 474.2 9.7 464.5 474.42 9.92 9.92 102.0 7.8 8 21 Dec 1350
60X 474.2 483.9 9.7 474.2 484.15 9.95 9.95 103.0 10.6 8 21 Dec 1535
61X 483.9 493.6 9.7 483.9 493.71 9.81 9.81 101.0 8.3 8 21 Dec 1800
62X 493.6 503.3 9.7 493.6 502.57 8.97 8.97 92.0 9.7 7 21 Dec 1955
63X 503.3 513.0 9.7 503.3 513.19 9.89 9.89 102.0 9.7 8 21 Dec 2200
64X 513.0 522.7 9.7 513.0 522.90 9.90 9.90 102.0 10.6 8 21 Dec 2350
65X 522.7 532.4 9.7 522.7 532.62 9.92 9.92 102.0 7.8 8 22 Dec 0215
66X 532.4 542.1 9.7 532.4 542.27 9.87 9.87 102.0 9.7 8 22 Dec 0430
67X 542.1 551.8 9.7 542.1 551.36 9.26 9.26 95.0 7.3 7 22 Dec 0640
68X 551.8 561.5 9.7 551.8 560.35 8.55 8.55 88.0 7.3 7 22 Dec 0900
69X 561.5 571.2 9.7 561.5 569.77 8.27 8.27 85.0 9.7 7 22 Dec 1130
70X 571.2 580.9 9.7 571.2 580.39 9.19 9.19 95.0 10.6 8 22 Dec 1320
71X 580.9 590.6 9.7 580.9 590.51 9.61 9.61 99.0 9.7 8 22 Dec 1515
72X 590.6 600.3 9.7 590.6 597.08 6.48 6.48 67.0 7.8 6 22 Dec 1735
73X 600.3 610.0 9.7 600.3 609.30 9.00 9.00 93.0 9.0 7 22 Dec 2000

Hole U1609A totals: 610.0 572.20 572.20  93.8

401-U1609B- .0
Start hole .0 24 Dec 0305
11 0.0 72.6 72.6 *****Drilled from 0.0 to 72.6 mbsf***** 15.8 0 24 Dec 0925
2H 72.6 82.1 9.5 72.6 82.16 9.56 9.56 101.0 114.0 8 24 Dec 0950
3H 82.1 91.6 9.5 82.1 92.34 10.24 10.24 108.0 57.0 8 24 Dec 1035
4H 91.6 101.1 9.5 91.6 98.91 7.31 7.31 77.0 38.0 7 24 Dec 1125
5F 101.1 105.9 4.8 101.1 106.25 5.15 5.15 107.0 19.2 5 24 Dec 1305
6F 105.9 110.6 4.7 105.9 110.98 5.08 5.08 108.0 28.2 5 24 Dec 1345
7F 110.6 115.4 4.8 110.6 115.65 5.05 5.05 105.0 28.8 5 24 Dec 1420
8F 115.4 120.1 4.7 115.4 120.53 5.13 5.13 109.0 28.2 5 24 Dec 1450
9F 120.1 124.9 4.8 120.1 125.19 5.09 5.09 106.0 28.8 5 24 Dec 1530
10F 124.9 129.6 4.7 124.9 129.95 5.05 5.05 107.0 28.2 5 24 Dec 1600
11F 129.6 134.4 4.8 129.6 134.72 5.12 5.12 107.0 28.8 5 24 Dec 1635
12F 134.4 139.1 4.7 134.4 139.42 5.02 5.02 107.0 28.2 5 24 Dec 1710
13F 139.1 143.9 4.8 139.1 144.17 5.07 5.07 106.0 28.8 5 24 Dec 1735
14F 143.9 148.6 4.7 143.9 148.99 5.09 5.09 108.0 56.4 5 24 Dec 1805
15F 148.6 153.4 4.8 148.6 153.56 4.96 4.96 103.0 57.6 5 24 Dec 1835
16F 153.4 158.1 4.7 153.4 158.45 5.05 5.05 107.0 56.4 5 24 Dec 1905
17F 158.1 162.9 4.8 158.1 162.46 4.36 4.36 91.0 57.6 5 24 Dec 2000
18F 162.9 167.6 4.7 162.9 167.95 5.05 5.05 107.0 56.4 5 24 Dec 2030
19F 167.6 172.4 4.8 167.6 172.49 4.89 4.89 102.0 57.6 4 24 Dec 2125
20F 172.4 177.1 4.7 172.4 177.29 4.89 4.89 104.0 56.4 5 25 Dec 0010
21F 177.1 181.9 4.8 177.1 182.21 5.11 5.11 106.0 57.6 5 25 Dec 0125
22F 181.9 186.6 4.7 181.9 186.72 4.82 4.82 103.0 56.4 4 25 Dec 0200
23F 186.6 191.4 4.8 186.6 191.04 4.44 4.44 93.0 57.6 4 25 Dec 0310
24F 191.4 196.1 4.7 191.4 196.23 4.83 4.83 103.0 28.2 4 25 Dec 0500
25F 196.1 200.9 4.8 196.1 201.18 5.08 5.08 106.0 28.8 5 25 Dec 0535
26F 200.9 205.6 4.7 200.9 205.68 4.78 4.78 102.0 28.2 5 25 Dec 0645
27F 205.6 210.4 4.8 205.6 210.62 5.02 5.02 105.0 28.8 5 25 Dec 0720
28F 210.4 215.1 4.7 210.4 213.56 3.16 3.16 67.0 28.2 3 25 Dec 0810
29F 215.1 219.9 4.8 215.1 219.39 4.29 4.29 89.0 57.6 4 25 Dec 0850
30F 219.9 224.6 4.7 219.9 223.50 3.60 3.60 77.0 28.2 4 25 Dec 1000
31F 224.6 229.4 4.8 224.6 229.69 5.09 5.09 106.0 28.8 5 25 Dec 1040
32F 229.4 234.1 4.7 229.4 233.73 4.33 4.33 92.0 18.8 4 25 Dec 1110
33X 234.1 243.8 9.7 234.1 243.97 9.87 9.87 102.0 12.9 8 25 Dec 1745
34X 243.8 253.5 9.7 243.8 252.14 8.34 8.34 86.0 12.9 7 25 Dec 1905
35X 253.5 263.2 9.7 253.5 263.46 9.96 9.96 103.0 11.6 8 25 Dec 2025
36X 263.2 272.9 9.7 263.2 273.12 9.92 9.92 102.0 16.6 8 25 Dec 2125
37X 272.9 282.6 9.7 272.9 282.88 9.98 9.98 103.0 16.6 8 25 Dec 2240

Core

Top depth 
drilled 

DSF (m)

Bottom depth 
drilled 

DSF (m)
Advanced 

(m)

Top depth 
cored 

CSF (m)

Bottom depth
recovered 

(m)

Recovered 
length 

(m)

Curated 
length 

(m)
Recovery 

(%)
Real ROP 

(m/h)
Sections 

(N)

Core on deck 
date 

(2023)

Core on deck 
time

UTC (h)

Table T1 (continued). (Continued on next page.)
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38X 282.6 292.3 9.7 282.6 292.63 10.03 10.03 103.0 19.4 8 25 Dec 2340
39X 292.3 302.0 9.7 292.3 302.28 9.98 9.98 103.0 14.6 8 26 Dec 0110
40X 302.0 311.7 9.7 302.0 309.11 7.11 7.11 73.0 14.6 6 26 Dec 0230
41X 311.7 321.4 9.7 311.7 319.83 8.13 8.13 84.0 14.6 7 26 Dec 0345
42X 321.4 331.1 9.7 321.4 327.90 6.50 6.50 67.0 10.6 6 26 Dec 0520
43X 331.1 340.8 9.7 331.1 338.84 7.74 7.74 80.0 8.3 6 26 Dec 0710
44X 340.8 350.5 9.7 340.8 348.44 7.64 7.64 79.0 9.0 6 26 Dec 0930
45X 350.5 360.2 9.7 350.5 360.24 9.74 9.74 100.0 16.6 8 26 Dec 1120
46X 360.2 369.9 9.7 360.2 366.17 5.97 5.97 62.0 19.4 5 26 Dec 1240
47X 369.9 379.6 9.7 369.9 376.35 6.45 6.45 66.0 10.6 6 26 Dec 1420
48X 379.6 389.3 9.7 379.6 387.35 7.75 7.75 80.0 16.6 6 26 Dec 1550
49X 389.3 399.0 9.7 389.3 399.16 9.86 9.86 102.0 16.6 8 26 Dec 1855
50X 399.0 408.7 9.7 399.0 408.19 9.19 9.19 95.0 9.0 7 26 Dec 2115
51X 408.7 418.4 9.7 408.7 418.56 9.86 9.86 102.0 14.6 8 26 Dec 2255
52X 418.4 421.4 3.0 418.4 421.12 2.72 2.72 91.0 12.0 3 27 Dec 0015
53X 421.4 431.1 9.7 421.4 431.31 9.91 9.91 102.0 10.6 8 27 Dec 0200
54X 431.1 440.8 9.7 431.1 440.99 9.89 9.89 102.0 7.8 8 27 Dec 0425
55X 440.8 450.5 9.7 440.8 450.21 9.41 9.41 97.0 12.9 8 27 Dec 0610
56X 450.5 460.2 9.7 450.5 460.35 9.85 9.85 102.0 7.8 8 27 Dec 0815
57X 460.2 469.9 9.7 460.2 469.79 9.59 9.59 99.0 11.6 8 27 Dec 0945
58X 469.9 479.6 9.7 469.9 479.38 9.48 9.48 98.0 10.6 8 27 Dec 1145
59X 479.6 489.3 9.7 479.6 489.19 9.59 9.59 99.0 14.6 8 27 Dec 1325
60X 489.3 499.0 9.7 489.3 495.02 5.72 5.72 59.0 16.6 5 27 Dec 1455
61X 499.0 508.7 9.7 499.0 507.86 8.86 8.86 91.0 14.6 7 27 Dec 1645

Hole U1609B totals: 436.1 410.80 410.80 94.2

Core

Top depth 
drilled 

DSF (m)

Bottom depth 
drilled 

DSF (m)
Advanced 

(m)

Top depth 
cored 

CSF (m)

Bottom depth
recovered 

(m)

Recovered 
length 

(m)

Curated 
length 

(m)
Recovery 

(%)
Real ROP 

(m/h)
Sections 

(N)

Core on deck 
date 

(2023)

Core on deck 
time

UTC (h)

Table T1 (continued). 

data are most useful for tying borehole depth to the seismic profiles. Because of the wide borehole 
and the lack of heave compensation, we decided not to run the Formation MicroScanner tool and 
instead to run a sonic velocity and natural gamma ray tool string as the third and final logging run. 
This tool string also reached close to the base of the hole. The logging equipment was rigged down 
by 2230 h on 23 December. We raised the pipe, and the bit cleared the seafloor at 2235 h, ending 
Hole U1609A.

2.2. Hole U1609B
The ship was offset 20 m south of Hole U1609A along the slope, and at 0305 h on 24 December 
2023 we started Hole U1609B (37°22.6159′N, 9°35.9119′W) by drilling down without recovery. 
The plan was to drill down without coring to spend more time coring the Early Pliocene to Late 
Miocene target interval; however, in these clay-rich sediments, drilling was no faster than taking 
cores. At 0930 h, we retrieved the center bit and started taking advanced piston corer (APC) cores 
at 72.6 mbsf. Cores 2H–4H penetrated from 72.6 to 101.4 mbsf and recovered 28.5 m (95%). Core 
4H had partial recovery and required 20,000 lb of overpull to retrieve it, so we switched to coring 
with the HLAPC system at 101.1 mbsf. Cores 5F–32F penetrated from 101.4 to 234.1 mbsf and 
recovered 133.0 m (101%). We ran the Sediment Temperature 2 (SET2) tool after Core 32F at 
234.1 mbsf to measure formation temperature deeper than had been possible with the APCT-3 
tool in Hole U1609A to establish how deep the negative temperature anomaly observed in the 
APCT-3 data penetrated (see Physical properties).

At 1630 h on 25 December, we switched to the XCB coring system. At 1600 h on 26 December 
after taking Core 401-U1609B-48X at 389.3 mbsf, we ran the SET2 tool a second time. XCB coring 
proceeded until cores reached the age of 8.4 Ma, old enough to cover the main events in the his-
tory of the Mediterranean–Atlantic gateways. Cores 33X–61X penetrated from 234.1 to 508.7 
mbsf and recovered 264.9 m (91%) (Table T1). We recovered 410.75 m of sediment over a 436.1 m 
cored interval (94.2% recovery) from Hole U1609B. At 1700 h on 27 December, we set back the top 
drive and started to pull up the drill pipe. The bit cleared the seafloor at 1905 h, and the BHA was 
on deck by 2345 h. The thrusters were raised, and we started the transit to Site U1610 at 2354 h, 
ending Site U1609.
https://doi.org/10.14379/iodp.proc.401.103.2025 publications.iodp.org · 6
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Overall, we spent 10.2 days at Site U1609, about 2 days shorter than in the original operations plan 
because the maximum age target was shallower than had been anticipated. For this reason, we 
were able to recover two cored records of the target interval rather than the single core record that 
was originally planned.

3. Lithostratigraphy
Three main lithologies were described at Site U1609: calcareous mud, calcareous silty mud, and 
clayey calcareous ooze. Minor coarser grained deposits (e.g., calcareous silt, sandy silt, and calcar-
eous sand) were also observed (Figure F4) (see hand drawn logs of lithologic successions in 
HANDDRAWN in Supplementary material). Based on subtle lithologic changes, Holes U1609A 
and U1609B are divided into four stratigraphic units (Figure F5). Contacts between these units 
and the lithologies within them are mainly gradational (Figure F5), characterized by subtle 
changes in color and grain size. Only the coarser silts and sandier beds are characterized by sharp 
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to erosive basal contacts. In Hole U1609A, Unit I (0–344 m core depth below seafloor, Method A 
[CSF-A]) is characterized by alternating calcareous mud and calcareous silty mud. Unit II (344–
457 m CSF-A) consists of alternating calcareous mud and clayey calcareous ooze. Unit III (457.7–
531.5 m CSF-A) contains alternating calcareous mud of two different colors (lighter/darker) and 
clayey calcareous ooze. Darker calcareous muds are the dominant lithology in this unit, with 
thicknesses often >1 m. Unit IV (531.5–609.3 m CSF-A) also contains two distinct types of calcar-
eous muds (brownish/darker) and clayey calcareous ooze, with the brown calcareous muds the 
dominant lithology. In this unit, bed thickness is usually <1 m and there are high-frequency 
changes in lithology. The coarser sandy and silty deposits were observed primarily in Units II and 
III (Figure F5).

Individual bed thickness for each primary lithology was calculated for both holes (Figure F6). 
However, the top and bottom of each core were excluded because they represent only a portion of 
the bed and, therefore, a minimum value of bed thickness. For cores entirely composed of a single 
lithology, the thickness was still calculated but it represents the minimum bed thickness. It is 
important to note that the boundaries between lithologies are predominantly gradational, so the 
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contacts are placed within the transitional interval between lithologies. True bed thickness can 
only be determined by integrating visual core description with physical properties data (e.g., mag-
netic susceptibility [MS] and natural gamma radiation [NGR]) (Figure F7A).

The trace fossil assemblage at Site U1609 is abundant and moderately diverse. Seven ichnotaxa 
have been recognized at the ichnogenus level, including abundant Chondrites, Planolites, and Zoo-
phycos; frequent Phycosiphon and Thalassinoides; rare Palaeophycus; and occasional Asterosoma, 
Ophiomorpha, Scolicia, and Teichichnus together with undifferentiated horizontal and vertical 
structures. Crosscutting relationships are frequent among the ichnotaxa. Evidence of bioturbation 
is absent in only a few horizons in the cores.

Petrographic analysis of smear slides was taken regularly from Hole U1609A (n = 153). Smear 
slides prepared from Hole U1609B (n = 22) were analyzed to confirm the sediment classifications 
determined from Hole U1609A. Samples were selected from Hole U1609A squeeze cake residues 
(n = 22) or directly from cores (n = 11) for powder X-ray diffraction (XRD) analysis of bulk miner-
alogy and the mineral assemblage in the clay size (<2 μm) fraction to gain a general understanding 
of the bulk mineralogy of sediments and identify any large-scale trends with depth. Based on ship-
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board analyses for Hole U1609A, the total carbonate content in these cores ranges 19.5–74.9 wt% 
(see Geochemistry). The resulting scans of bulk mineralogy from all squeeze cake samples are 
shown in Figure F8. Although the mineralogy is overall uniform downhole, relative peak intensi-
ties, especially those of illite, quartz, calcite, and feldspar, change with depth. The primary miner-
als identified include quartz, calcite, plagioclase, K-feldspar, chlorite, mixed-layer illite/smectite 
(I/S), illite, and kaolinite, and minor dolomite and pyrite. Quartz and calcite are the dominant 
peaks. The two feldspars are present in all samples and make up a small component of the sedi-
ments.

Clay minerals including chlorite, mixed-layer I/S, illite, and kaolinite are present in all samples. 
The reflection between 16° and 17.7°2θ indicates randomly ordered mixed-layer I/S (R0 I/S in Fig-
ure F9), although the presence of a fair amount of quartz and calcite in the <2 μm fraction makes 
it challenging to accurately determine the percentage of illite-type layers in the mixed-layer I/S. 
More detailed characterization of the clay mineral assemblage requires separation of the even 
finer fraction, although diffraction patterns of the <2 μm fraction reveal changes in the relative 
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abundance between clay minerals and quartz/calcite and the relative abundance of different clay 
minerals with depth. Another general difference in the clay mineral assemblage is the presence of 
ordered mixed-layer I/S in the clay fraction of sediments from Unit II to Unit IV based on the 
strong reflection present at ~6.5°2θ (R1 I/S in Figure F9). The ordered I/S is absent in Unit I sedi-
ments based on the squeeze cake samples analyzed. Descriptions of XRD results in the following 
sections will focus on bulk mineralogy. The relative abundance of different minerals in all squeeze 
cake samples and samples collected from the three main lithologies is shown in Figure F10. The 
calcite percentage and changes in calcite content with depth determined from XRD data are con-
sistent with the carbonate content determined by the coulometry method (see Geochemistry) on 
the same squeeze cake samples (Figure F11).

3.1. Unit I

Intervals: 401-U1609A-1H-1 through 46X-CC; 401-U1609B-2H-1 through 44X-3
Depths: Hole U1609A = 0–343.84 m CSF-A; Hole U1609B = 0–347.27 m CSF-A
Age: Calabrian to late Messinian
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Figure F7 (continued). B. Calcareous mud and clayey calcareous ooze are dominant, Unit II. (Continued on next page.)
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3.1.1. Lithologies, bedding, and color
Unit I is composed of calcareous mud and calcareous silty mud deposits (Figure F6). These beds 
alternate with vertical thickness variations. The average bed thickness in Hole U1609A Unit I is 
~100 cm for calcareous mud and ~60 cm for calcareous silty mud. Average bed thickness for Hole 
U1609B Unit I is ~75 cm for calcareous mud and ~70 cm for calcareous silty mud. Note that the 
uppermost part of Unit I was only recovered in Hole U1609A, which is where some of the thickest 
beds were observed. Contacts between lithologies are predominantly gradational, with transitions 
between calcareous muds and calcareous silty muds occurring over ~5 cm or more (Figure F7A). 
Occasionally, the transition from calcareous silty mud to calcareous mud occurs more rapidly and 
has a sharp contact (e.g., Section 401-U1609A-33F-1, 27.5–30 cm). Bed thickness analysis in the 
upper part of Unit I (0 to ~160 m CSF-A) shows that calcareous silty mud intervals are usually 
thinner than calcareous muds. This trend is broadly reversed in the lower part of the unit (Figure 
F6).

In Unit I, the calcareous muds have a mainly grayish olive color (10Y 5/2) and the calcareous silty 
muds are mainly grayish green (5GY 5/2). Minor color variations include weak red (2.5Y 5/2), red-
dish gray (2.5Y 5/1), light grayish green (5GY 6/2), and light brownish gray. Subtle and patchy 
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III. (Continued on next page.)
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color mottling is present throughout Unit I. Red-green-blue (RGB) data were occasionally used 
qualitatively to differentiate between certain similar colors or delineate subtle color variations of 
lithologies in Unit I. For example, although both calcareous mud (grayish olive) and calcareous 
silty mud (grayish green) in Unit I have a similar spread of RGB values, the red and green values 
are spread slightly farther from the blue values for calcareous silty mud (Figure F7A). Although 
this was not always the case, it did occasionally assist in identification of lithologies.

In interval 401-U1609A-17H-3, 112–115 cm (148.95–148.98 m CSF-A), there is a thin silty sand 
layer with a sharp erosive basal contact that is not continuous on the core width (Table T2). This 
greenish black interval, which contains about 2% glauconite, was not observed in Hole U1609B at 
an equivalent depth.

3.1.2. Structure and texture
Sedimentary structures in Unit I are subtle because of the very fine grained nature of the deposits 
and the abundance of bioturbation. Transitions between lithologies are often gradual, resulting in 
a common coarsening-upward trend from calcareous mud to calcareous silty mud, followed by a 
fining-upward trend from calcareous silty mud to calcareous mud. This facies association corre-
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sponds to a bigradational sequence with inverse to normal grading (e.g., Section 401-U1609A-
44X-3) (Figure F12). There are a few examples where the central part of the sequence contains 
parallel to low-angle cross lamination, subtle centimeter-scale grain size and color variations 
(referred to as banding or centimeter-scale layering), and potential reactivation surfaces (Figure 
F12), which should be better identified with further postcruise analysis. This interval also contains 
less bioturbation than the surrounding lithologies. Within these sequences, it is still possible to 
identify subtle color banding at the centimeter scale, primarily associated with small-scale changes 

Figure F8. Powder XRD patterns of 22 squeeze cake residues, Hole U1609A. Samples are arranged from shallowest (top; 1H-
1; 1.45 m CSF-A) to deepest (bottom; 73X-2; 603.14 m CSF-A). Patterns are plotted with intensity on logarithmic scale to 
highlight presence and nature of smaller peaks. Although bulk mineral assemblage is nearly constant downhole, relative 
intensities of various peaks change with depth.
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in composition within the calcareous silty mud deposits. Dominant textures are mud and silty 
muds with high proportions of clay. Based on smear slide analysis in Unit I (Figures F13, F14), the 
calcareous mud contains 1%–5% sand, 5%–30% silt, and 65%–95% clay. Calcareous silty mud con-
tains 0%–5% sand, 5%–55% silt, and 45%–90% clay.

3.1.3. Bioturbation and trace fossils
Unit I sediments are completely bioturbated, creating a mottled appearance. This mottled appear-
ance refers to a patchy texture caused by bioturbation within originally soft to soupy or incoherent 
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Figure F11. Variation in carbonate composition based on coulometry (see Geochemistry) and XRD data, Hole U1609A.
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Table T2. Tabulation of main coarse units, Site 401-U1609. * = smear slide photomicrographs are included in Figure F18. V = visual description on core table, SS = 
smear slide description, TS = thin section description. NA = not available. (Continued on next page.) Download table in CSV format.

Hole, core, 
section, interval 

(cm)

Bottom 
depth 

CSF-A (m) Analyses
Thickness 

(cm) Munsell color Color Grain size Key mineralogy and comments
Correlation

between holes

Unit I
401-U1609A-17H-3 148.98 V, SS 3 GLEY1 2.5/5GY Greenish black Silty sand Glauconite ~2% No 

Unit II
401-U1609B-48X-5 385.9 V 2 GLEY1 4/10Y Dark greenish gray Fine sand Normal grading, thinly bedded with sharp, 

straight lower contact
401-U1609A-51X-1

401-U1609A-51X-1 387.56 V, TS 4 GLEY1 4/10Y Dark greenish gray Very fine sand Normal grading, sharp contact at base 401-U1609B-48X-5
401-U1609B-50X-1 399.28 V 4 GLEY1 4/10Y Dark greenish gray Fine sand Normal grading, thinly bedded with sharp, 

straight lower contact
No

401-U1609A-52X-5 402.46 V 5 GLEY1 4/10Y Dark greenish gray Very fine sand Glauconite?-rich; erosional contact; rip-up 
clasts composed of underlying clayey 
calcareous ooze

No

401-U1609B-51X-2 411.48 V, SS 2 GLEY1 4/10Y Dark greenish gray Medium sand,  
max. = 300 μm

Normal grading with a sharp, irregular lower 
contact; altered feldspar observed; 
subangular to angular quartz with fluid 
inclusions; glauconite ~6%–20%

No

401-U1609A-54X-2 417.88 V 5 10YR 6/2 Light brownish gray Very fine sand Minor erosional basal contact? Contains 
benthonic foraminifers

No

401-U1609A-55X-1 426.26 V 1 10YR 6/2 Light brownish gray Very fine sand Coarser grained horizon No
401-U1609A-55X-3 429.75 V 2 10YR 6/2 Light brownish gray Very fine sand Coarser grained horizon No
401-U1609A-55X-4 431.25 V 3 10YR 6/2 Light brownish gray Very fine sand Coarser grained horizon No
401-U1609A-55X-6 434.31 V 3 10YR 6/2 Light brownish gray Very fine sand Coarser grained horizon; bioturbated from 

above; normal grading
No

401-U1609A-56X-3 439.43 V 2 10YR 6/2 Light brownish gray Very fine sand Coarser grained horizon No
401-U1609A-56X-4 440.58 V 4 10YR 6/2 Light brownish gray Very fine sand Coarser grained horizon No
401-U1609A-56X-4 440.6 V 3 10YR 6/2 Light brownish gray Very fine sand Coarser grained horizon No
401-U1609A-56X-4 440.89 V 2 10YR 6/2 Light brownish gray Very fine sand Coarser grained horizon No
401-U1609A-56X-4 441.17 V 4 GLEY1 4/10Y Dark greenish gray Very fine sand Normal grading sand interval 401-U1609B-55X-1
401-U1609B-55X-1 442.2 V, SS 12 GLEY1 4/10Y Dark greenish gray Fine sand,  

max. = 150 μm
Normal grading; angular to subangular 

grains; glauconite ~1%–5%; pyrite present 
(<1%)

401-U1609A-56X-4

401-U1609A-56X-5 442.39 V, SS 11 GLEY1 4/10Y Dark greenish gray Very fine sand,  
average = 100 μm

Normal grading sand interval with erosional 
base; glauconite and pyrite present (<1%); 
bioturbation introducing sand into interval 
below

401-U1609B-55X-3

401-U1609A-56X-5 442.59 V 3 10YR 6/2 Light brownish gray Very fine sand Coarser grained horizon
401-U1609B-55X-3 443.93 V, SS 6 GLEY1 4/10Y Dark greenish gray Very fine sand,  

max. = 100 μm
Normal grading; quartz with inherited 

overgrowths
401-U1609A-56X-5

401-U1609A-56X-7-
CC

444.9 V,SS 6 GLEY1 4/10Y Dark greenish gray Very fine sand Normal grading sand interval; glauconite 
~20%; pyrite ~20%

No

401-U1609B-56X-4* 455.12 V, SS 8 GLEY1 4/10Y Dark greenish gray Very fine sand,  
max. = 300 μm

Normal grading with erosional lower contact; 
glauconite ~30%; pyrite present (<1%); 
quartz with inherited overgrowths; angular 
to subangular grains; altered feldspar

401-U1609A-58X-2

401-U1609A-58X-2* 457.19 V, SS 6 GLEY1 3/5G_1 Very dark greenish 
gray

Very fine sand,  
max. = 200 μm

Normal grading; sharp contact at base; 
glauconite ~30%; pyrite ~1%.

401-U1609B-56X-4

Unit III
401-U1609B-58X-1 471 V, SS 2 GLEY1 6/10Y Greenish gray Very fine sand Coarser grained interval; pyrite ~25%; 

pyritized sponge spicules; glauconite ~1%–
5%

401-U1609A-59X-7

401-U1609A-59X-7 473.72 V, SS 14 GLEY1 6/5GY Greenish gray Very fine sand Weak normal grading sandy silt; fine black 
particles; base contains mud clast filled 
with trace fossils; glauconite ~6%–20%

401-U1609B-58X-1?

401-U1609B-58X-5* 477.12 V, SS 4 GLEY1 4/10Y Dark greenish gray Very fine sand,  
max. = 200 μm

Thinly laminated; weak normal grading with 
sharp lower boundary; glauconite ~10%; 
pyrite ~1%–5%; abundant foraminifers

No

401-U1609B-58X-6-7 478.55 V, SS 11 GLEY1 5/10Y Greenish gray Very fine sand,  
max. = 300 μm

Normal grading; bioturbated at top; sharp 
lower boundary; glauconite ~10%; 
subangular to subrounded grains; pyritized 
and nonpyritized sponge spicules

401-U1609A-60X-4*

401-U1609A-60X-4* 478.99 V,SS 8 GLEY1 4/10GY Dark greenish gray Fine sand,  
max. = 200 μm

Normal grading; sharp, wavy, erosional lower 
contact; clay alteration of feldspars; 
glauconite ~10%; angular to subangular 
grains; pyrite present (<1%)

401-U1609B-58X-6-7

401-U1609A-60X-5 480.43 V 11 GLEY1 5/10Y Greenish gray Very fine sand Sharp boundary that has been bioturbated No
401-U1609B-60X-3 492.5 V, SS 2 GLEY1 4/10Y Dark greenish gray Very fine sand,  

max. = 300 μm,  
average = 100 μm

Weak laminations; normal grading; sharp 
lower contact; glauconite ~5%; 
subrounded grains

401-U1609A-61X-7

401-U1609A-61X-7 492.64 V,SS 11 10Y 5/2 Grayish olive Very fine sand Coarser grained interval; sharp lower contact; 
SS above sandy interval; glauconite ~<1%; 
pyrite ~<1%

401-U1609B-60X-3
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401-U1609B-61X-5* 505.39 V, SS 2 GLEY1 3/10Y Very dark greenish 
gray

Very fine sand,  
average = 100 μm

Lens-shaped coarser grained interval; 
glauconite ~10%; pyrite ~3%; pyritized 
sponge spicules

401-U1609A-63X-2

401-U1609A-63X-2 506.22 V,SS 12 5GY 5/2 Grayish green Very fine sand,  
average =  
50–150 μm

Coarser grained interval; bioturbated, trace 
fossil of Zoophycos; angular quartz; 
alteration of feldspar; glauconite ~6%–
20%; pyrite ~1%–5%

401-U1609B-61X-5*

401-U1609A-64X-1 514.17 V, SS 17 GLEY1 4/10Y Dark greenish gray Very fine sand Normal grading with sharp, bioturbated, 
irregular lower contact; feldspar alteration; 
quartz with inherited fluid inclusions; 
coarse sand-sized sponge spicules ~6%–
20%

NA

401-U1609A-65X-4 528.33 V, SS 12 GLEY1 4/10Y Dark greenish gray Very fine sand Normal grading with sharp, straight to 
irregular lower contact; glauconite ~6%–
20%; pyrite ~6%–20%

NA

Unit IV
401-U1609A-66X-3 536.39 V 12 GLEY1 4/10Y Dark greenish gray Fine sand Bioturbated silt above fine sand interval; 

sharp, erosional lower contact
NA

401-U1609A-71X-CC* 590.51 V, SS, TS 16 
(minimum 
thickness)

GLEY1 4/10Y Dark greenish gray Very fine sand,  
max. grain size  
from TS = 200 μm

Coarser grained interval with unknown lower 
contact; glauconite ~10%; pyrite ~1%–5%; 
partially pyritized sponge spicule observed

NA

401-U1609A-73X-4 605.6 V, SS 4 GLEY1 4/10Y Dark greenish gray Fine sand Sharp lower contact; glauconite ~1%–5%; 
pyrite ~20%

NA
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Figure F12. Fine-grained contourites from Unit I, Site U1609. Left: typical expression of subtle lithologic change observed 
at this site (401-U1609A-24H-1; linescan). Right: rare example showing trace fossil distribution, primary sedimentary struc-
tures, and subdivision intervals (C1–C5) according to contourite facies model for bigradational sequences (Stow and 
Faugères, 2008) (401-U1609B-44X-3l X-ray). Ch = Chondrites, Pl = Planolites, Pa = Palaeophycus, Th = Thalassinoides. Yellow 
circles = occurrence of discrete traces on central interval of bigradational sequence.

Table T2 (continued). 
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sediment. Thus, the trace fossils do not have distinct outlines and do not display a recurrent geom-
etry that would allow their classification. Overprinting this mottled background, well-defined 
trace fossils are recognized. The relative abundance of discrete trace fossils is sparse to moderate 
according to the bioturbation index (BI) (mainly BI = 1–2), and typical trace fossil types include 
Chondrites, Planolites, Thalassinoides, and Zoophycos (Figure F15). Other ichnotaxa (i.e., Palaeo-
phycus) as well as undifferentiated trace fossils are rare. In general, the calcareous silty muds have 
a higher BI (around 2) and trace fossil diversity than the calcareous muds (BI = 1). In the upper 
part of Unit I, calcareous silty muds commonly have a mottled appearance; this mottling is less 
common in the lower part of Unit I.

Within the bigradational sequences, the ichnological record varies in respect to abundance and 
composition of the trace fossils (Figure F12). Some sequences show a moderately diverse trace 
fossil assemblage through the entire sequence (e.g., Section 401-U1609A-24F-1), including Chon-
drites, Planolites, and Thalassinoides. However, others show less bioturbation in the lower part of 
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Figure F13. Major lithologies for Units I–IV, Site U1609. Dominant siliciclastic and biogenic components are annotated. Bs = 
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Figure F14. Texture (grain size) and mineralogical composition in main lithologies in Units I–IV based on averaged data 
from smear slide analysis, Site U1609.
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the sequence, a mottled appearance in the central part, and an upward increase in trace fossil 
abundance toward the top of the sequence. Other types of sequences are typified by a lower abun-
dance of trace fossils and a clear vertical variation (e.g., Section 44X-3). The lower part of the 
sequence contains abundant trace fossils (i.e., Chondrites, Planolites, and Thalassinoides), and the 
central part displays a clear diminution in trace fossil abundance with a greater scarcity and even 
sometimes an absence of trace fossils. There is a progressive upward increase in trace fossil abun-
dance in the upper part of the sequence.

3.1.4. Composition and bulk mineralogy
Lithologies in Unit I are mainly composed of clay minerals and bioclasts (dominantly calcareous 
nannofossils and some foraminifer fragments), quartz, feldspar, lithic grains, opaque minerals, 
pyrite, and planktonic and benthonic foraminifers, with some occurrence of siliceous biogenic 
components (e.g., sponge spicules), and shell fragments. Based on smear slide analysis, the calcar-
eous mud in Unit I contains 50%–65% siliciclastic minerals, 0%–15% detrital carbonate, 25%–50% 
biogenic carbonate, and 0%–10% biogenic silica. Calcareous silty mud in Unit I contains 35%–75% 
siliciclastic minerals, 0%–15% detrital carbonate, 20%–65% biogenic carbonate, and 0%–1% bio-
genic silica. Within interval 401-U1609A-17H-3, 112–115 cm (148.95–148.98 m CSF-A), darker 
silty sand was observed; it is composed of abundant quartz, clay minerals, and calcareous nanno-
fossils; common feldspar and lithic fragments; and about 2% glauconite.

Additional mineral composition results from XRD analysis on 13 squeeze cake residues and 8 
samples collected from the working half of Unit I in Hole U1609A were obtained. Based on 
squeeze cake samples, Unit I (to ~283 m CSF-A; Section 401-U1609A-40X-3; Figure F10) contains 
17%–45% calcite (average = 35%), 11%–29% quartz (average = 15%), and 8%–14% plagioclase and 
K-feldspar (average = 10%). Chlorite, illite, and kaolinite together make up on average 35% of the 
sediments of Unit I.

One pair of calcareous mud and calcareous silty mud samples in Unit I were taken from Core 401-
U1609A-17H for XRD analysis. Despite the rather similar calcite and quartz contents, the calcare-
ous mud (Section 17H-2; 147.26 m CSF-A) contains a higher amount of clay minerals compared to 
the calcareous silty mud (Section 17H-3; 148.92 m CSF-A), supporting their lithologic designa-
tions (Figure F16). The higher pyrite content in the calcareous silty mud is consistent with the 
more common presence of pyrite on the core surface and its slightly darker color compared to the 
calcareous mud.

3.2. Unit II

Intervals: 401-U1609A-47X-1 through 58X-2; 401-U1609B-44X-4 through 56X-5
Depths: Hole U1609A = 343.84–457.73 m CSF-A; Hole U1609B = 347.27–457.91 m CSF-A
Age: late Messinian to late Tortonian

3.2.1. Lithologies, bedding, and color
Unit II is composed of calcareous mud and clayey calcareous ooze (Figure F7B) with minor thin 
layers of fine sand and silty sand. These beds vary vertically in thickness and are associated with 
distinct but gradual color changes. Transitions between the lithologies are often gradual and can 
occur rapidly (over 2–5 cm) or more gradually (>10 cm); the contacts are often bioturbated. The 
clayey calcareous ooze is generally lighter in color and is the most dominant (>50%) lithology in 
this unit.

There are three dominant colors in Unit II, two of which are associated with primary lithologies. 
The calcareous muds are predominantly grayish olive (10Y 5/2) and occasionally dark greenish 
gray (GLEY1 4/1). Clayey calcareous ooze deposits are predominantly light grayish green (5GY 
6/2) and occasionally greenish gray (GLEY1 6/1) and light greenish gray (GLEY1 7/1). Coarser 
deposits (e.g., sandy intervals) are dark greenish gray (GLEY1 4/1), light brownish gray (10YR 6/2), 
and very dark greenish gray (GLEY1 3/1). Clayey calcareous ooze typically has higher RGB values 
compared to calcareous mud (Figure F7B), demonstrating the gradational nature of many of the 
contacts between lithologies.
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Individual bed thickness for each primary lithology was calculated (Figure F6). Average bed thick-
ness for Hole U1609A Unit II is ~80 cm for calcareous mud and ~80 cm for clayey calcareous ooze. 
Rare coarser silty and sandy lithologies were observed and have an average thickness of ~5 cm. 
Average bed thicknesses for Hole U1609B Unit II are ~55 cm for calcareous mud, ~55 cm for 
clayey calcareous ooze, and ~5 cm for the coarser silty and sandy lithologies. Beds show no thick-
ness variations relative to their depth within Unit II.

3.2.2. Structure and texture
Contacts between the calcareous mud and clayey calcareous ooze deposits are gradational (Figure 
F7B). The calcareous mud in Unit II is similar compositionally to that in Unit I, but the grain size 
in Unit II is noticeably coarser (Figure F14). The calcareous mud contains 1%–10% sand, 20%–45% 
silt, and 50%–70% clay. The clayey calcareous ooze is finer grained than the calcareous mud and 
contains 0%–3% sand, 1%–10% silt, and 90%–99% clay.

The rare sand and silty sand deposits in Unit II are characterized by sharp-based beds, with a mas-
sive lower part and/or normal grading (Table T2), that are occasionally parallel laminated. These 
deposits are interpreted to be turbidites.

3.2.3. Bioturbation and trace fossils
Lithologies from Unit II are commonly fully bioturbated. In some cases, bioturbation causes a 
mottled appearance by trace fossils that do not have distinct outlines and do not display a recur-

U1609A-17H-2, Calcareous mud U1609A-17H-3, Calcareous silty mud
Munsell color: 5GY 5/2, 147.26 m CSF-A Munsell color: 5GY 6/2, 148.92 m CSF-A

Munsell color: 10Y 5/2, 305.63 m CSF-A Munsell color: 5GY 5/2, 306.29 m CSF-A

Munsell color: GLEY 4/1, 402.42 m CSF-A Munsell color: GLEY1 3/5G-1, 457.17 m CSF-A

U1609A-42X-5, Calcareous mud U1609A-42X-5, Calcareous silty mud

U1609A-52X-5, Silty sand U1609A-58X-2, Sand

Calcite
Dolomite
Quartz

Albite
Microcline
Illite

Kaolinite
Chlorite
Pyrite

Figure F16. Linkage between lithologic names and mineral compositions from XRD analysis, Hole U1609A. White bars = 
intervals XRD samples were taken from. Albite = plagioclase.
.103.2025 publications.iodp.org · 21



R. Flecker et al. · Site U1609 IODP Proceedings Volume 401

https://doi.org/10.14379/iodp.proc.401.1
rent geometry. This mottled appearance is overprinted by well-defined trace fossils. Trace fossil 
assemblages are similar to those observed in Unit I, including Chondrites, Planolites, Thalassinoi-
des, and Zoophycos, with rare occurrences of other ichnotaxa (i.e., Palaeophycus and Asterosoma), 
as well as undifferentiated trace fossils. However, with respect to Unit I, Unit II has a higher total 
abundance of trace fossils, an increased presence of Zoophycos, and local abundance of Phycosi-
phon. These changes were mainly observed in the clayey calcareous oozes, which have a higher 
abundance and diversity of traces than the calcareous muds, as well as frequent crosscutting rela-
tionships.

The turbidites in Unit II commonly have a lower, black, coarser grained division that is unbiotur-
bated and an upper, lighter, finer grained part with abundant trace fossils including Chondrites, 
Planolites, and Zoophycos (e.g., Section 401-U1609A-56X-5; Figure F17). In this case, the clayey 
calcareous oozes below the turbidite contain fewer trace fossils (i.e., Planolites), with an infill that 
is similar to the host sediment, in this case clayey calcareous ooze.

3.2.4. Composition and bulk mineralogy
Both Unit II lithologies are dominated by clay minerals and bioclasts (mainly calcareous nannofos-
sils), with variable occurrence of siliceous components and shell fragments. They also contain 
quartz, feldspar, lithic grains, opaque minerals, pyrite, planktonic and benthonic foraminifers, 
sponge spicules, and minor biosiliceous fragments (Figures F13, F14). The calcareous mud in Unit 
II has a similar composition to that found in Unit I and contains 40%–75% siliciclastic minerals, 
0%–5% detrital carbonate, 20%–60% biogenic carbonate, and <1% biogenic silica. Although the 
clayey calcareous ooze contains a larger percentage of biogenic carbonate, the prevalence of clay 
minerals in the sediments indicates it is not a true calcareous ooze. These sediments contain 20%–
50% siliciclastic minerals, 0%–3% detrital carbonate, 50%–80% biogenic carbonate, and <1% bio-
genic silica.

XRD analyses were conducted on four squeeze cake residues and three samples collected from the 
working halves of Unit II in Hole U1609A. There appears to be a transition zone at the bottom of 
Unit I into the underlying Unit II (Figures F5, F10), reflected by the elevated calcite content (aver-
age = 45%) of the squeeze cake samples from Sections 401-U1609A-43X-2 and 46X-2. However, in 
terms of the limited number of XRD analyses undertaken, it is not possible to discriminate 
between Units I, II, and III. The mineral composition of one pair of calcareous mud and calcareous 
silty mud samples from Section 42X-5 (in the transition zone) was analyzed by XRD (Figure F10). 
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Figure F17. Turbidite beds (Tu) in clayey calcareous oozes from (left) Units II and (right) III showing some sedimentary char-
acteristics, trace fossil distribution, and infilling material of traces in relation to different parts of turbidite beds, Site U1609. 
Ch = Chondrites, Pl = Planolites, Zo = Zoophycos.
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The calcareous mud (305.63 m CSF-A) has a lower calcite content than the calcareous silty mud 
(306.29 m CSF-A; Figure F16). This highlights the downhole changes in sediment characteristics 
even for those with the same lithology name and the need to integrate bulk mineralogical data and 
direct observations of sediments to reliably infer their depositional histories.

Despite the relatively high calcite content, Unit II is interrupted by thin event beds characterized 
by significantly lower quantities of calcite and higher quantities of siliciclastic grains such as 
quartz and feldspars, as shown in the silty sand and sand samples from Sections 401-U1609A-52X-
5 and 58X-2 (Figure F16). The illite component interpreted from the XRD patterns of these two 
samples likely includes a moderate amount of glauconite due to their overlapping peak positions. 
The presence of glauconite in these beds is confirmed by smear slide observations.

Results from smear slide analysis from the coarser intervals (Table T2) show that glauconite 
ranges <1%–30% and pyrite ranges <1%–20%. Some coarser intervals contain larger biogenic par-
ticles, such as benthonic foraminifers and sponge spicules. Alteration to siliciclastic components 
(e.g., inherited quartz overgrowths and clay-altered feldspars) have been identified in a few sam-
ples. These compositions allowed correlation between some of the sandy intervals between Holes 
U1609A and U1609B based on relative proportions of minerals in turbidites in the two holes. A 
total of 16 of these coarser beds were observed in Hole U1609A, but only 6 of these beds were 
identified in Hole U1609B, 4 of which may correlate with Hole U1609A based on smear slide anal-
ysis and correlation of NGR and MS (see Physical properties; Figures F41B, F4, F50; Table T2).

3.3. Unit III

Intervals: 401-U1609A-58X-3 through 65X-6; 401-U1609B-56X-6 through 61X-CC
Depth: Hole U1609A = 457.7–531.5 m CSF-A; Hole U1609B = 457.91–507.86 m CSF-A
Age: late to middle Tortonian

3.3.1. Lithologies, bedding, and color
Unit III is composed of calcareous mud and clayey calcareous ooze. Contacts between lithologies 
are mostly diffuse, gradational, and typically associated with color changes (Figure F7C). Transi-
tions from calcareous mud to clayey calcareous ooze mostly occur progressively over several cen-
timeters (e.g., 50–55 cm). The transition from clayey calcareous ooze to calcareous mud can also 
occur more rapidly and be a sharp contact (e.g., Section 401-U1609A-65X-6, 36 cm).

Subtle and gradual changes in color are associated with the primary lithologies in Unit III. The 
clayey calcareous ooze in Unit III is generally lighter in color than the calcareous mud. The clayey 
calcareous ooze appears predominantly light grayish green (5GY 6/2) or occasionally grayish 
green (5GY 5/2) in Hole U1609A and pale green (GLEY1 6/1) in Hole U1609B. The calcareous 
mud occurs in two distinct colors, grayish green (5GY 5/2) or occasionally light grayish green 
(5GY 6/2) in Hole U1609A and grayish olive (10Y 5/2), grayish green (GLEY1 5/2), or olive-gray 
(5Y 5/2) in Hole U1609B. The generally darker grayish green calcareous mud dominates this unit.

Clayey calcareous ooze and calcareous mud beds alternate and vary in thickness. Average bed 
thickness for Unit III (Figure F6) in Hole U1609A is ~120 cm for calcareous mud, ~30 cm for 
clayey calcareous ooze, and ~10 cm for the silty and sandy intervals that have a maximum thick-
ness of 17 cm. Average bed thickness for Unit III in Hole U1609B is ~60 cm for calcareous mud, 
~25 cm for clayey calcareous ooze, and ~4 cm for sandy intervals.

There are also some sandy deposits in Unit III. These coarser intervals (e.g., silty and/or calcareous 
sands) appear grayish olive (10Y 5/2), pale yellow, (5Y 7/3), dark grayish green (GLEY1 4/1), or 
very dark greenish gray (GLEY1 3/1). Similar to Unit II, the clayey calcareous ooze typically has 
slightly higher RGB values compared to calcareous mud (Figure F7C).

3.3.2. Structure and texture
The calcareous mud in Unit III has a similar texture to the calcareous mud in Unit II, but this 
lithology is noticeably finer grained than in Unit I (Figure F14). The calcareous mud contains 0%–
10% sand, 10%–70% silt, and 30%–90% clay. The clayey calcareous ooze in Unit III is finer grained 
by comparison and contains ~2% sand, 20% silt, and 80% clay. Because of the fine-grained nature 
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of these sediments, sedimentary structures are difficult to see, particularly in the calcareous mud 
and clayey calcareous ooze.

The sandy layers are occasionally parallel or cross laminated, and the base of the beds can be either 
normally graded or massive. Most sandy layers have a sharp or erosional lower contact, and this is 
sometimes bioturbated or irregular. These facies are interpreted to be turbidites. Seven of these 
coarser beds were detected in Hole U1609A, but only five were detected in Hole U1609B, three of 
which may correlate with Hole U1609A (see Physical properties) (Figures F4, F41B; Table T2). 
The texture of the sandy deposits varies in maximum grain size from very fine to fine sand. The 
coarsest beds have a proportion of grain sizes of the different fractions up to 65% sand, 15% silt, 
and 20% clay, and the finer beds can be as fine as 3% sand, 45% silt, and 50% clay.

3.3.3. Bioturbation and trace fossils
Lithologies from Unit III are commonly fully bioturbated. In some cases, bioturbation causes a 
mottled appearance and trace fossils that do not have distinct outlines and do not display a recur-
rent geometry. This mottled appearance is overprinted by well-defined trace fossils. The trace fos-
sil assemblage is similar to that observed in Unit II, mainly including Chondrites, Planolites, 
Thalassinoides, and Zoophycos, maintaining the changes previously observed, such as the abun-
dance of Zoophycos and the local record of Phycosiphon. Occasionally, very small specimens of 
Chondrites and Zoophycos, around 1 mm in diameter, were observed, with a typical size range up 
to 2–3 mm in Chondrites and up to 4–5 mm in Zoophycos.

Several turbidites were observed in Unit III (Figure F17). One particular example (Section 401-
U1609B-58X-5) has a lower black, coarser grained, and unbioturbated interval overlain by an 
upper lighter, finer grained interval with moderate amounts of trace fossils (e.g., Planolites). More-
over, the clayey calcareous ooze below the turbidite contains abundant trace fossils with variable 
infilling material. Occasionally the infilling material of these trace fossils is similar to the turbidite 
material (i.e., Zoophycos infilled by material from the turbidite).

3.3.4. Composition and bulk mineralogy
Lithologies in Unit III mainly comprise clay minerals and bioclasts (mainly calcareous nannofos-
sils and some foraminifers fragments), with some siliceous components and shell fragments. They 
also contain quartz, feldspar, lithic grains, opaque minerals, pyrite, planktonic and benthonic for-
aminifers, sponge spicules, and minor biosiliceous fragments (Figures F13, F14). The calcareous 
mud contains 35%–80% siliciclastic minerals, 0%–5% detrital carbonate, 15%–60% biogenic car-
bonate, and 0%–10% biogenic silica. Although the clayey calcareous ooze in Unit III contains a 
larger percentage of biogenic carbonate, the prevalence of clay minerals in the sediments indicates 
it is not true calcareous ooze. These sediments contain 65%–70% siliciclastic minerals, 30%–35% 
biogenic carbonate, and no detrital carbonate or biogenic silica.

XRD analyses were conducted on two squeeze cake residues of Unit III in Hole U1609A. The cal-
cite content is relatively low (~30%) in Unit III (Figures F10, F11), consistent with lower values in 
the deepest Unit II squeeze cake sample (Section 58X-2) compared to other samples in Unit II. 
Unit III samples are characterized by relatively high quartz (20%) and feldspar (15%) contents.

Some sandy intervals sampled for smear slide analysis provide semiquantitative compositional 
data (Table T2). For these samples, glauconite and pyrite range <1%–25% and in some cases is 
particularly noticeable (e.g., 401-U1609B-58X-4; ~25%). The glauconite grains in the turbidites are 
mostly well rounded (Figure F18). Some coarser intervals contain larger biogenic particles, such as 
sponge spicules, some of which have been pyritized (Figure F18). Some turbidite samples contain 
completely or partially pyritized sponge spicules, which tend to have robust and chunky shapes. In 
the same smear slide, fresh-looking, nonpyritized sponge spicules can also be observed (Figure 
F18). The concentration of foraminifers is higher in the sandy interval of Section 58X-5. Alteration 
to siliciclastic components (e.g., clay-altered feldspar and quartz overgrowths) was identified in a 
few samples. These compositions, as well as correlation with NGR and MS (Figure F4, F50), have 
allowed correlation between some of the sandy intervals between Holes U1609A and U1609B. 
This is partly because it appears that glauconite abundance produces a spike in the MS record (see 
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Physical properties) (Figure F41). However, not all sandy intervals were possible to correlate 
between Hole U1609A and U1609B.

3.4. Unit IV

Interval: 401-U1609A-65X-7 through 73X-CC; not present in Hole U1609B
Depth: Hole U1609A = 531.5–609.3 m CSF-A
Age: middle to early Tortonian

3.4.1. Lithologies, bedding, and color
Lithologies in Unit IV consist of two distinct calcareous muds distinguished primarily on color 
and a clayey calcareous ooze (Figure F7D). Contacts between the primary lithologies are grada-
tional and indicated by subtle changes in color. However, color changes were much more distinct 
in Unit IV compared to the more subtle changes observed in Units I–III. Bed thickness in Unit IV 
is notably thinner than for all other units, with an average thickness of ~50 cm for the calcareous 
muds and ~15 cm for the clayey calcareous ooze deposits (Figure F6).
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In Unit IV, the calcareous mud appears gray (GLEY1 5/N) and olive-gray (5Y 5/2), whereas the 
clayey calcareous ooze appears pale green (GLEY1 6/2). The silty sand layers are dark greenish 
gray (GLEY1 3/1). Similar to Units II and III, clayey calcareous ooze typically has higher RGB val-
ues compared to calcareous mud (Figure F7D). However, this was complicated by different colors 
in the calcareous mud lithology. Although the dark calcareous mud (gray) has similar RGB values 
to those of the clayey calcareous ooze and higher than those of the brown calcareous mud (olive-
gray), it exhibits a greater spread between the red, blue, and green values, whereas the clayey cal-
careous ooze has red and green values that typically overlap.

3.4.2. Structure and texture
Because of the fine-grained nature of the two main lithologies, sedimentary structures are difficult 
to identify, but the silty sand layers show normal grading and typically sharp to erosional lower 
contacts. The calcareous mud in Unit IV has a similar texture to the calcareous mud in Unit I 
(Figure F14) and contains 0%–2% sand, 30%–40% silt, and 60%–70% clay. The clayey calcareous 
ooze in Unit IV has a similar grain size distribution as the clayey calcareous ooze in Unit II and III 
and contains 0%–2% sand, 5%–10% silt, and 90%–95% clay.

Three sandy intervals were identified in Unit IV of Hole U1609A that are fine to very fine sands; 
however, no primary sedimentary structures were observed in these deposits. These intervals are 
less frequent than in Units II and III. Of the three intervals that were identified, only two have a 
determinable lower contact that is sharp and erosional (one was obscured by drilling disturbance). 
The coarser silty and sandy intervals have an average thickness of ~9 cm with a maximum of 12 
cm.

3.4.3. Bioturbation and trace fossils
Lithologies from Unit IV contain similar ichnological features to those observed in Units II and III. 
In some cases, bioturbation causes a mottled appearance and trace fossils do not have distinct 
outlines and do not display a recurrent geometry. This mottled appearance is overprinted by well-
defined trace fossils, mainly consisting of Chondrites, Planolites, Thalassinoides, and Zoophycos
relationships. As in Unit III, small and large Chondrites and Zoophycos were recognized.

3.4.4. Composition and bulk mineralogy
The calcareous mud in Unit IV contains 60% siliciclastic minerals, 30%–35% biogenic carbonate, 
and 1%–10% biogenic silica. The clayey calcareous ooze in Unit IV contains 25%–50% siliciclastic 
minerals, 0%–2% detrital carbonate, 50%–75% biogenic carbonate, and 1%–10% biogenic silica. 
XRD analyses were conducted on three squeeze cake residues from Unit IV in Hole U1609A. Unit 
IV is characterized by a distinctly higher content of calcite (more than 50% and up to 75%; Figure 
F11) and a lower content of quartz and feldspar. Of the four units, Unit IV contains the lowest 
content of chlorite, illite, and kaolinite (Figure F10).

Of the three sandy intervals identified in Unit IV, two intervals were analyzed as smear slides, pro-
viding semiquantitative data on their composition. Glauconite ranges from few (1%–5%) to com-
mon (10%), and pyrite ranges from few (1%–5%) to common (20%). One sample contains partially 
pyritized sponge spicules (Table T2). The sandy interval from Section 401-U1609A-71X-CC con-
tains many foraminifers, in contrast to the other samples.

3.5. Discussion
The lithologic changes described in the two holes at Site U1609 are both subtle and gradational 
(Figure F6), particularly with respect to grain size and composition. Although unit boundaries 
were defined by partly integrating the chemical (percent carbonate) and physical properties (NGR 
and MS logs) data with the lithologic characteristics described in this chapter, these should not be 
regarded as sharp. It would be possible to define lithostratigraphic units at other depths. In partic-
ular, the boundary between Units I and II may be located in a transition zone ranging from ~300 
m CSF-A to the defined unit boundary at 344.0 m CSF-A (Figure F4). This is particularly import-
ant regarding the calcite content determined from the XRD data and through the coulometry 
method (see Geochemistry). A high-resolution grain size and X-ray fluorescence (XRF) record 
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will be required to resolve key questions about both the lithologic changes that occur and the sed-
imentary processes that drove them.

3.5.1. Dominant sedimentary facies and trace fossil assemblage
The calcareous mud, calcareous silty mud, and clayey calcareous ooze deposits identified in Units 
I–IV represent deepwater sedimentary facies vertically associated in a clear rhythmic pattern. The 
overall absence of primary traction structures, poor sorting, and common bioturbation is typical 
of pelagic sediment with low terrigenous input (Hüneke and Henrich, 2011; Stow and Smillie, 
2020; de Castro et al., 2021).

The trace fossil assemblage in Unit I can be assigned to the distal expression of the Cruziana ich-
nofacies transitioning to the Zoophycos ichnofacies (MacEachern et al., 2007), supporting the 
interpretation of a hemipelagic environment. In Units II and III, the trace fossil assemblage is gen-
erally similar to that observed in Unit I. However, the observed changes, such as the increase in the 
total abundance of trace fossils and the greater abundance of Zoophycos, could be related to the 
archetypal Zoophycos ichnofacies (MacEachern et al., 2007), pointing to changes toward more dis-
tal and probably deeper environments. The record of Phycosiphon, a trace fossil related to local 
increase in benthonic food availability and low oxygen conditions (Rodríguez-Tovar et al., 2014), 
could be associated with increased inputs of benthonic food. The local presence of very small trace 
fossil specimens in Unit III can be interpreted in the context of a quiet benthonic environment 
allowing development of very delicate structures. The trace fossil assemblage in Unit IV reveals 
similar paleoenvironment conditions to those of Unit III.

Relatively abundant and moderately diverse trace fossil assemblages at the site, usually overprint-
ing a mottled background, reveal generally favorable paleoenvironmental (i.e., ecological and dep-
ositional) conditions for the macrobenthonic trace fossil maker community in terms of organic 
matter supply, sedimentation rate, and oxygenation (Rodríguez-Tovar, 2022).

3.5.2. Bottom current deposits
Evidence of bottom current deposits is visible in Unit I. For example, there is a rhythmic pattern, 
with gradual transitions between calcareous mud and calcareous silty mud (average thicknesses 
between 0.6 and 1 m) and the occurrence of subtle centimeter-scale changes in color and grain 
sizes (lamination or centimeter-scale layering). In particular in cores around 270 m CSF-A, these 
lithologies are associated with visible centimeter-scale layering that could be symmetric and asym-
metric bigradational sequences (e.g., Section 401-U1609A-24H-1; Figure F12), characteristic of 
very fine grained contourites (Gonthier et al., 1984; Stow and Faugères, 2008; Stow and Smillie, 
2020). These deposits not only have subtle grain size variations but also color lamination that has 
been described in finer grained contourite deposits (Hüneke et al., 2021; Hernández-Molina et al., 
2022).

Some of the bigradational sequences with coarser sediments at the very bottom of Unit I (e.g., 
Section 401-U1609B-44X-3; Figure F12) have parallel to cross lamination in the central division, 
as well as vertical smaller grain size variations, possible reactivation surfaces, fossil traces indica-
tive of sedimentary condensation, and possible small hiatuses (based on the trace fossil assem-
blage). All these features have been identified in contourite sequences (Gonthier et al., 1984; Stow 
and Faugères 2008; Mulder et al., 2013; Rodríguez-Tovar et al., 2019; Stow and Smillie, 2020; 
Hüneke et al., 2021; Hernández-Molina et al., 2022; Rodríguez-Tovar, 2022; Rodrigues et al., 2022). 
Rare bigradational sequences show that the facies associations mimic the division of C1–C5 pro-
posed by Stow and Faugères (2008). The facies associations described here are typically associated 
with a contourite drift (e.g., de Castro et al., 2020, 2021) and will be confirmed by further analysis 
such as grain size measurements.

Variability in the ichnological record of the contouritic deposits in Unit I (Figure F12) reflects sub-
tle changes in depositional environment, indicating higher energy conditions with some assem-
blages associated with less favorable conditions for the macrobenthonic trace fossil maker 
community. Regardless of energy conditions, a similar pattern is observed in ichnological features 
from the bottom to the top of the contourite deposits, allowing differentiation of several divisions 
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that support the identification of the standard bigradational sequences for the contourite deposits 
(Rodríguez-Tovar and Hernández-Molina, 2018; Rodríguez-Tovar et al., 2022).

3.5.3. Turbidites
The characteristics of the centimeter-scale sand and silty sand deposits identified in Units II–IV 
are clear evidence of a decelerating turbulent flow suspension fallout (e.g., Bouma et al., 1962). 
These facies are interpreted to be deposits from low-density turbidity currents (Lowe, 1982; 
Postma, 1986; Stanley, 1988; Stow and Wetzel, 1990; de Castro et al., 2020, 2021; de Weger et al., 
2021; Hüneke et al., 2021). The massive and/or normal grading and the upper parallel lamination 
(when visible) are linked to deposition from a waning turbidity current. Bioturbation occurs pri-
marily toward the top of the turbidite deposits (Rodríguez-Tovar, 2022). The partial turbiditic 
sequences described here are typical of fine-grained turbidites (Piper and Stow, 1991; Stow and 
Piper, 1984).

The varying composition of the turbidites in terms of quartz, glauconite, pyrite, pyritized sponge 
spicules, and foraminifer content (Table T2) differentiates turbidites from contourites and likely 
points to different sources for the gravity flows. Turbidites with a dominant siliciclastic compo-
nent can be attributed to a provenance in a shallower environment and/or continental sources 
because of the angular to subangular shapes of the quartz, feldspar, and lithic grains (Figure F18). 
The sources of the turbidites containing predominantly intrabasin deepwater bioclastic compo-
nents are likely from reworking of deposits in more proximal areas of the middle slope but not 
from shallow-marine environments. Some of the quartz, feldspar, and lithic grains are angular to 
subangular (Figure F18), suggesting an immature provenance direct from a riverine source rather 
than long-term reworking in a shallow-marine environment. The presence of quartz overgrowths 
in some layers, likely to have been inherited from a previous depositional–burial–erosional cycle, 
suggests that the original sandstones had been relatively deeply buried.

High concentrations of glauconite help with correlation (e.g., in the turbidite containing 30% glau-
conite in Holes U1609A [Section 401-U1609A-58X-2; 1% pyrite] and U1609B [Section 401-
U1609B-56X-4]; Table T2). The glauconite likely originated in a shallower marine environment 
than the drilled location of Site U1609 and was transported downslope by turbidity currents. 
Although glauconite is particularly concentrated in only some turbidites, the general content in 
other depositional facies of the site is high (>5%). The glauconite from the turbidites may have 
been an important source for partial reworking into the hemipelagic calcareous muds and clayey 
oozes. It is possible that this increased contribution of glauconite via turbidity currents and other 
downslope processes from a glauconite factory area may explain the upward increase in gamma 
ray response in Unit III from Unit IV (see Physical properties). However, although optimal con-
ditions for glauconite formation are on the outer shelf/upper slope (Hesse and Schacht, 2011), 
many deepwater occurrences down to 2000 m water depth have been reported (e.g., Odin and 
Stephan, 1982), so some of the glauconite in the fine-grained sediments likely formed in situ.

The wide variability of pyrite abundance, in particular the co-occurrence of pyritized and nonpy-
ritized biogenic debris, together with the pervasive evidence for extensive reworking of these sed-
iments by marine fauna and thus a mainly oxygenated bottom water environment, strongly argues 
against in situ pyritization. This indicates transport of pyrite from sediments upslope that have 
undergone active bacterial sulfate reduction. Variable composition of the turbidites suggests 
changing source areas for the turbidity currents.

The ichnological records associated with turbidites can be linked to distinct depositional pro-
cesses. In some cases, downward bioturbation is visible, and trace fossils are filled with material 
matching the composition of the overlying turbidite (i.e., Zoophycos), which suggests temporarily 
interrupted or reduced sedimentation rates allowing the marine fauna to develop (Figure F12). In 
other cases, the absence of trace fossils underneath the turbidite or trace fossils with infill of a 
different lithology than the turbidite suggests continuous deposition, which prevented bioturba-
tion by animals (Figure F17). 

The wide variation in glauconite abundance (<1%–30%) partly controls the gamma ray response 
(Figures F18, F41) (see Physical properties), which was used for preliminary correlations between
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Holes U1609A and U1609B (Table T2). Only some turbidites were possible to correlate between 
Holes U1609A and U1609B, 20 m apart parallel to the continental margin, indicating that at least 
sometimes the gravity flow was laterally limited. However, the extensive reworking of some of the 
turbidites by bioturbation, as demonstrated by the ichnological records (Figure F17), has likely 
removed direct evidence for some turbidites at one or the other of the holes.

3.5.4. General sedimentary model
The identified sedimentary facies and facies associations (Figures F6, F7) can be attributed to 
deepwater, very fine grained deposits (Kennett, 1982, Pickering and Hiscott, 2015; Stow and Smil-
lie, 2020; Rotzien et al., 2022a, 2022b). Site U1609 is located along the middle slope terrace off-
shore of west Portugal in a proximal part of the continental slope (Figure F1). This area is bounded 
to the south and north by the large São Vicente and Setúbal submarine canyons. Sediment supply 
was funneled across the middle slope through the submarine canyons, allowing pelagic and bot-
tom current processes to dominate the area cored. Vertical and lateral variability of the bottom 
currents may explain the interrelation between the pelagic sediments and the contourites, espe-
cially during deposition of Unit I. Offshore west of Portugal a large, middle-slope plastered drift 
(the Sines Drift) was active during the Pliocene and the Quaternary (Hernández-Molina et al., 
2016; Rodrigues et al., 2020). Site U1609 recovered part of this Pliocene and Quaternary drift (see 
Background and objectives) (Figure F3).

In this general sedimentary model, turbidite deposits were developed in the early Messinian and 
the Tortonian, a period of high tectonic instability across the region (Suárez Alba et al., 1989; Riaza 
and Martínez Del Olmo, 1996; Sierro et al., 1996; Maldonado et al., 1999; Ledesma, 2000; Martínez 
del Olmo and Martín, 2016). The increased turbidite deposition recorded in Units II and III may 
coincide with those tectonic events (see Background and objectives) (Figure F3). Relative sea 
level variations may be another controlling mechanism for triggering gravity flows during this 
time interval, especially during periods of relative sea level fall.

The strong cyclicity visible in both the sedimentary facies and the physical properties data may be 
explained by climatic variations and the bottom current variability at a scale of precessional cyclic-
ity. Bottom currents during the deposition of Unit I were weak but vigorous enough at intermedi-
ate depths for developing a plastered drift along the middle continental slope (e.g., Hernández-
Molina et al., 2008). The thinner, more finely interbedded primary lithologies identified in Units I 
and IV may be linked to periods of lower sedimentation rate during the Tortonian and the Plio-
cene. On the longer time scale, the general shallowing trend identified based on the trace fossil 
assemblages from the Tortonian to the Pliocene can be related to the long-term sea level regres-
sion (landward) and later progradation (basinward) of the margin (Riaza and Martínez Del Olmo, 
1996; Sierro et al., 1996; Maldonado et al., 1999; Ledesma, 2000; Martínez del Olmo and Martín, 
2016).

4. Biostratigraphy
The sedimentary record recovered at Site U1609 is mostly continuous, although minor disconti-
nuities cannot be totally excluded based on the low resolution of the biostratigraphic sampling on 
board the ship. Preservation of microfossils is generally good with abundant calcareous nannofos-
sils and planktonic foraminifers, whereas benthonic foraminifers are rare. Integrated foraminifer 
and nannofossil bioevents are illustrated in Figure F19 and the datums found in Holes U1609A 
and U1609B are listed in Tables T3, T4, T5, and T6. 

Based on the calcareous nannoplankton assemblage, the top of the sequence recovered in Hole 
U1609A is estimated to be older than 1.24 Ma (Table T3), indicating that a significant proportion 
of the Pleistocene sequence is missing at this location. A continuous series of calcareous nanno-
plankton and planktonic foraminifer events were recorded at this site spanning from ~1.24 Ma to 
the earliest Tortonian (Figure F19). Some of the calcareous nannofossil bioevents, specifically the 
highest occurrence (HO) events, may have been affected by reworking and redeposition. However, 
the ages derived from both nannofossils and foraminifers suggest that this is not a major issue. 
Sedimentation rates for the lower part of the sequence combined with the oldest bioevent (11.19 
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Figure F19. Preliminary age model based on depths of calcareous nannofossil and foraminifer bioevents, Site U1609. S/D = 
sinistral/dextral.

Table T3. Calcareous nannofossil biostratigraphic events, Site U1609. LO = lowest occurrence, HO = highest occurrence. Download table in CSV format.

Marker event

Top core, 
section, interval 

(cm)

Bottom core, 
section, interval 

(cm)

Top 
depth 

CSF-A (m)

Bottom 
depth 

CSF-A (m)

Mean 
depth 

CSF-A (m)

Top 
depth 

CSF-B (m) 

Bottom 
depth 

CSF-B (m)

Mean 
depth 

CSF-B (m) 
Age 
(Ma)

401-U1609A- 401-U1609A-
Presence large Gephyrocapsa + H. sellii 0.0 0.000 >1.24
LO large Gephyrocapsa 1H-CC 2H-1, 23 2.330 2.630 2.48 2.33 2.613 2.47 1.59
HO Calcidiscus macintyrei 2H-3, 43 2H-4, 38 5.885 7.355 6.62 5.62 6.979 6.30 1.6
HO Discoaster surculus 6H-CC 7H-1, 64 50.600 50.515 50.56 49.901 50.489 50.20 2.53
HO Discoaster tamalis 9H-CC 10H-CC 78.500 88.600 83.55 78.4 87.853 83.13 2.76
HO Sphenolithus spp. 15H-CC 16H-CC 134.960 141.430 138.20 134.960 141.480 138.22 3.61
LO Discoaster tamalis 17H-CC 18H-CC 151.530 160.300 155.92 151.53 160.350 155.94 3.8
HO Reticulofenestra pseudoumbilicus 18H-CC 19H-CC 160.350 168.390 164.37 160.350 168.440 164.40 3.82
HO Amaurolithus primus 23H-CC 24H-CC 206.430 214.800 210.62 206.43 214.800 210.62 4.5
HO Ceratolithus acutus 36F-4, 12–17 37F-CC 266.160 269.710 267.94 266.160 269.670 267.92 5.04
HO Nicklithus amplificus 46X-CC 47X-CC 343.840 357.940 350.89 343.840 357.751 350.80 5.98
LO Nicklithus amplificus 49X-CC 50X-CC 377.440 386.960 382.20 377.201 386.900 382.05 6.82
Top absence Reticulofenestra pseudoumbilicus 54X-CC 55X-CC 425.910 435.570 430.74 425.7 435.400 430.55 7.1
LO Amaurolithus primus 56X-1, 125 56X-2, 130 436.650 438.190 437.42 436.632 438.151 437.39 7.45
HO Minylitha convallis 56X-CC 57X-CC 445.240 454.500 449.87 445.1 454.500 449.80 7.78
Base absence Reticulofenestra pseudoumbilicus 61X-CC 62X-CC 493.710 502.520 498.12 493.6 502.520 498.06 8.8
LO Discoaster bellus gr. 66X-CC 67X-CC 542.270 551.310 546.79 542.1 551.310 546.71 10.64
LO Catinaster calyculus 67X-CC 68X-CC 551.360 560.300 555.83 551.360 560.300 555.83 10.8
HO Coccolithus miopelagicus 71X-CC 72X-CC 590.460 597.030 593.75 590.510 597.030 593.77 11.04

401-U1609B- 401-U1609B-
HO Amaurolithus primus 26F-2, 25 26F-2, 100 202.610 203.360 202.985 202.582 203.319 202.95 4.5
HO Nicklithus amplificus 46X-CC 47X-3, 65–67 366.170 373.530 369.850 366.170 373.530 369.85 5.98
Top absence R. pseudoumbilicus 53X-CC 54X-1, 125 432.35 431.31 431.83 432.326 431.1 431.71 7.1
LO Amaurolithus primus 54X-CC 55X-1, 125 440.990 442.050 441.520 440.800 442.050 441.43 7.45
HO Minylitha convallis 55X-3, 125 55X-CC 450.160 445.010 447.580 450.160 445.010 447.58 7.78
Base absence Reticulofenestra pseudoumbilicus 60X-CC 61X-CC 495.020 507.810 501.415 495.020 507.810 501.42 8.8
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Ma) (Table T4) suggest an age close to the Tortonian/Serravallian boundary for the base of Hole 
U1609A. This age is consistent with the calcareous nannoplankton assemblage found at the bot-
tom of Hole U1609A (Table T3), which indicates that the lowermost cores must be younger than 
13.16 Ma.

During the Pliocene, sedimentation rates range 37–90 m/My (Figure F19), in line with those esti-
mated from the magnetostratigraphic record (see Paleomagnetism). Miocene sedimentation 
rates are lower (39–71 m/My).

4.1. Calcareous nannofossils
We examined all the core catcher (CC) samples from Hole U1609A and a few samples from Hole 
U1609B (Tables T5, T6) for additional age control in the sequence (Table T3). Samples were 
selected between core catcher samples from Hole U1609A to more precisely constrain the depth 
of specific bioevents using only marker species. Calcareous nannofossil assemblages are very 
abundant and diverse, and preservation is good. Small placolith species (<3 μm) dominate most of 
the assemblages. The abundances of fragmented siliceous fossils, siliciclastic grains, and pyrite 
framboids vary from rare to common, and rare to few specimens of reworked (mainly Cretaceous 
and Paleogene) species occur throughout all the sections.

A total of 19 nannofossil datums defined and/or calibrated by Raffi et al. (2020 and references 
therein) were identified in Hole U1609A, and 6 datums were identified in Hole U1609B (Table 
T3).

The top of Hole U1609A is estimated to be ~1.24 Ma based on the co-occurrence of the HO of 
Helicosphaera sellii and presence of large Gephyrocapsa in Sample 1H-CC. This indicates that the 
seafloor here is either eroded or nondepositional. The lowest occurrence (LO) of large Gephyro-

Table T4. Planktonic foraminifer biostratigraphic events, Site U1609. LO = lowest occurrence, LrO = lowest regular occurrence, LcO = lowest common occurrence, 
HO = highest occurrence, S/D = sinistral to dextral change in coiling. Download table in CSV format.

Marker events

Top core, 
section, 

interval (cm)

Bottom core, 
section,

interval (cm)

Top 
depth

CSF-A (m)

Bottom 
depth

CSF-A (m)

Mean 
depth 

CSF-A (m)

Top 
depth 

CSF-B (m)

Bottom 
depth 

CSF-B (m)

Mean
depth 

CSF-B (m)
Age 
(Ma)

401-U1609A- 401-U1609A-
LO Globorotalia inflata 6H-CC 7H-CC 50.60 60.22 55.41 49.90 59.40 54.65 2.09
HO Globorotalia puncticulata 6H-CC 7H-CC 50.60 60.22 55.41 49.90 59.40 54.65 2.41
HO Sphaeroidinellopsis seminulina 10H-CC 11H-CC 88.65 97.35 93.00 87.90 97.35 92.62 3.19
Reappearance Globorotalia puncticulata 11H-CC 12H-CC 97.35 105.67 101.51 97.35 105.67 101.51 3.31
Disappearance Globorotalia puncticulata 13H-CC 14H-CC 117.17 122.75 119.96 116.40 122.75 119.58 3.57
HO Globorotalia margaritae 17H-CC 18H-CC 151.53 160.35 155.94 151.53 160.35 155.94 3.81
LO Globorotalia puncticulata 23H-CC 24H-1, 59–61 206.43 212.01 209.22 206.43 212.01 209.22 4.52
Top Globorotalia margaritae Acme 43X-CC 44X-1, 124–126 319.25 320.26 319.76 319.00 320.23 319.62 5.55
Bottom Globorotalia margaritae Acme 44X-3, 124–126 44X-5, 124–126 323.25 326.22 324.74 323.15 326.05 324.60 5.84
LrO Globorotalia margaritae 47X-1, 124–126 47X-3, 124–126 349.36 352.37 350.87 349.34 352.29 350.81 6.08
S/D coiling change of Neogloboquadrina incompta 49X-4, 16–18 49X-6, 67–69 372.14 375.65 373.90 372.03 375.45 373.74 6.37
LcO Globorotalia miotumida 55X-CC 55X-CC 435.57 435.62 435.60 435.35 435.40 435.38 7.24
LcO Globorotalia menardii 5 56X-5, 124–126 56X-CC 442.62 445.24 443.93 442.52 445.10 443.81 7.36
HcO Globorotalia menardii 4 57X-3, 124–126 57X-5, 124–126 449.32 452.28 450.80 449.32 452.28 450.80 7.51
LO Globigerinoides obliquus extremus 62X-CC 63X-CC 502.57 513.19 507.88 502.57 513.00 507.79 8.83
HO Globorotalia lenguaensis 63X-CC 64X-CC 513.19 522.90 518.05 513.00 522.70 517.85 9.00
HO Paragloborotalia siakensis 71X-CC 72X-CC 590.51 597.08 593.80 590.51 597.08 593.80 11.19

401-U1609B- 401-U1609B-
LO Globorotalia puncticulata 27F-3, 24–26 27F-4, 24–26 208.79 210.07 209.43 208.651 209.875 209.263 4.52
S/D coiling change of Neogloboquadrina incompta 47X-3, 65–67 47X-4, 82–84 373.55 375.2 374.375 373.55 375.2 374.375 6.37
LcO Globorotalia miotumida 54X-3, 124–126 54X-5, 124–126 435.27 438.2 436.735 435.19 438.064 436.627 7.24
S/D coiling change Globorotalia scitula 54X-5, 124–126 54X-CC 438.2 440.99 439.595 438.064 440.8 439.432 7.28
LcO Globorotalia menardii 5 55X-1, 124–126 55X-3, 124–126 442.06 445.02 443.54 442.06 445.02 443.54 7.36
HcO Globorotalia menardii 4 57X-1, 124–126 57X-3, 124–126 461.46 464.43 462.945 461.46 464.43 462.945 7.51

Table T5. Calcareous nannofossil occurrences, Hole U1609A. Download table in CSV format.

Table T6. Calcareous nannofossil occurrences, Hole U1609B. Download table in CSV format.
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capsa spp. (1.59 Ma) was recorded between Samples 1H-CC and 2H-1, 23 cm (2.47 m core depth 
below seafloor, Method B [CSF-B]).

Between Samples 401-U1609A-2H-3, 43 cm, and 2H-4, 38 cm (6.30 m CSF-B), Calcidiscus mac-
intyrei (1.66 Ma) was identified (Table T5). The HO of Discoaster surculus (2.53 Ma), identified 
between Samples 6H-CC and 7H-1, 64 cm (50.20 m CSF-B), was used as the limit for the Pleisto-
cene/Pliocene boundary. The HO of Discoaster tamalis (2.76 Ma) was identified between Samples 
9H-CC and 10H-CC (83.13 m CSF-B). The HO of the group Sphenolithus spp. (3.61 Ma) occurs in 
Sample 16H-CC (138.22 m CSF-B). The LO of D. tamalis (3.8 Ma) was identified between Samples 
17H-CC and 18H-CC (155.94 m CSF-B). Below this event, Discoasters occur sparsely throughout 
the sedimentary succession, so events using this genus will need to be refined with postcruise 
high-resolution counting.

The HO of Reticulofenestra pseudoumbilicus, considered a globally synchronous bioevent at 3.82 
Ma, was identified between Samples 401-U1609A-18H-CC and 19H-CC (164.40 m CSF-B). The 
HO of Amaurolithus primus (4.5 Ma) was identified in Samples 23H-CC and 24H-CC (210.62 m 
CSF-B). However, we use this bioevent with caution because of the scarcity of specimens in the 
samples analyzed. The HOs of Ceratolithus acutus (5.04 Ma) and Orthorhabdus rugosus (5.23 Ma) 
were both identified between Samples 36F-4, 12–17 cm, and 37F-CC (267.92 m CSF-B). However, 
because of the scarcity of C. acutus, it was not possible to identify its LO, and this bioevent was 
also used with caution, making it difficult to locate the Pliocene/Miocene boundary. This will also 
be refined with postcruise high-resolution counting.

The HO (5.98 Ma) and LO (6.82 Ma) of Nicklithus amplificus were identified between Samples 
401-U1609A-46X-CC and 47X-CC (350.80 m CSF-B) and between Samples 49X-CC and 50X-CC 
(382.05 m CSF-B), respectively. The LO of A. primus (7.45 Ma) was identified between Samples 
55X-CC and 56X-CC (437.39 m CSF-B). The HO of Minylitha convallis (7.78 Ma) was identified 
between Samples 56X-CC and 57X-CC (437.39 m CSF-B). The base of the paracme of R. 
pseudoumbilicus (>7 μm), which has an assigned age of 8.8 Ma, was recorded between Samples 
61X-CC and 62X-CC (498.06 m CSF-B). The LO of the Discoaster bellus group (10.64 Ma) was 
identified between Samples 66X-CC and 67X-CC (546.71 m CSF-B). Two other bioevents were 
identified at the bottom of Hole U1609A: the LO of Catinaster calyculus (10.8 Ma) between Sam-
ples 67X-CC and 68X-CC (555.83 m CSF-B) and the HO of Coccolithus miopelagicus (11.04 Ma) 
between Samples 71X-CC and 72X-CC (593.77 m CSF-B).

Only a few samples from Hole U1609B were analyzed (Table T6). The purpose of these analyses 
was to provide more closely spaced sample coverage to refine dating of the sequence at Site U1609. 
The HO of A. primus (4.5 Ma) was identified between Samples 401-U1609B-26F-2, 25 cm, and 
26F-2, 100 cm (202.95 m CSF-B). The HO of N. amplificus (5.98 Ma) was identified between Sam-
ples 46X-CC and 47X-3, 65–67 cm (369.85 m CSF-B). This species was very rare throughout the 
interval analyzed, and the event should be used with caution. The top of the absence of R. 
pseudoumbilicus (7.1 Ma) was placed between Samples 54X-5, 125 cm, and 54X-CC (439.40 m 
CSF-B), and the base (8.80 Ma) occurred between Samples 60X-CC and 61X-CC (501.42 m CSF-
B). The LO of A. primus (7.45 Ma) was identified between Samples 54X-CC and 55X-1, 125 cm 
(441.43 m CSF-B). The HO of M. convallis (7.78 Ma) was identified between Samples 55X-3, 125 
cm, and 55X-CC (447.58 m CSF-B).

4.2. Planktonic foraminifers
Planktonic foraminifers are dominant with respect to benthonic foraminifers in all samples from 
Site U1609 (Table T7) and have very good preservation.

In the Pliocene and Pleistocene, planktonic foraminifer assemblages are dominated by Globigerina 
bulloides, Neogloboquadrina incompta, Globigerinoides ruber, and different species of Globorota-
lids, which are the species mainly used in biostratigraphy. Most of the planktonic foraminifer bio-
events referred to in Biostratigraphy in the Expedition 401 methods chapter (Flecker et al., 

Table T7. Benthonic foraminifers and planktonic/benthonic ratio data, Hole U1609A. Download table in CSV format.
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2025a) were recognized at this site. All core catcher samples from Hole U1609A were analyzed, 
and in some specific intervals additional samples were taken to constrain the depths of the most 
important planktonic foraminifer events. In the Pleistocene, only the core catcher samples were 
analyzed; consequently, the bioevents were not precisely located in the sedimentary succession. 
This explains the occurrence of both the LO of Globorotalia inflata and the HO of Globorotalia 
puncticulata between Samples 401-U1609A-6H-CC and 7H-CC (49.901–59.4 m CSF-B) despite 
their different ages (2.09 and 2.41 Ma, respectively) (Table T4). The HO of Sphaeroidinellopsis 
seminulina (3.19 Ma) was recorded between Samples 10H-CC and 11H-CC (87.89–97.35 m CSF-
B).

The reappearance of G. puncticulata at 3.31 Ma, after a time when this species was absent in the 
northeast Atlantic and Mediterranean, was recorded between Samples 401-U1609A-11H-CC and 
12H-CC (97.35 and 105.67 m CSF-B). The disappearance of G. puncticulata (3.57 Ma) was 
recorded between Samples 13H-CC and 14H-CC (116.4 and 122.75 m CSF-B, respectively). The 
highest common occurrence (HcO) of Globorotalia margaritae was used instead of the HO of the 
species because this event can be better recognized in a low-resolution record. This event (3.98 
Ma) was recorded between Samples 17H-CC and 18H-CC (151.53 and 160.35 m CSF-B).

The LO of G. puncticulata (4.52 Ma) was an important event during Expedition 401 because it was 
used as a reference to identify the top of the 4–8 Ma time window, which is the age target of the 
expedition and the Investigating Miocene Mediterranean–Atlantic Gateway Exchange 
(IMMAGE) Land-2-Sea project. Below this event, planktonic foraminifer assemblages were ana-
lyzed in both Holes U1609A and U1609B. The LO of G. puncticulata was identified between Sam-
ples 401-U1609A-23H-CC and 24H-1, 59–61 cm (206.43 and 212.01 m CSF-B) (Table T8), and 
between Samples 401-U1609B-27F-3, 24–26 cm, and 27F-4, 24–26 cm (210.07 and 209.87 m CSF-
B) (Table T9).

Because there is no planktonic foraminifer event close to the Miocene/Pliocene boundary, we used 
the abundance of G. margaritae to identify the acme of this species in the late Messinian. This has 
been recorded in southwest Spain and northern Morocco between 5.55 and 5.84 Ma (Krijgsman et 
al., 2004; van den Berg et al., 2015). The top and bottom of the G. margaritae acme were identified 
in the sequence. However, the limits may be relatively gradual, and the exact location of these two 
events will be refined with postcruise high-resolution counting. The top of the G. margaritae
acme was located between Samples 401-U1609A-43X-CC and 44X-1, 124–126 cm ([319 and 
320.23 m CSF-B). The position of the lowest regular occurrence of G. margaritae is always ambig-
uous because this species or very similar morphotypes can be present from early Messinian times. 
However, in this study, we identified this event when typical specimens of G. margaritae occurred 
regularly in the sediments. This event (~6.08 Ma) was recorded between Samples 47X-1, 124–126 
cm, and 47X-3, 124–126 cm (349.336 and 352.288 m CSF-B). This interval was not sampled in 
Hole U1609B.

In the late Messinian, the sinistral/dextral coiling change of N. incompta, usually known as Neoglo-
boquadrina acostaensis in the Late Miocene (6.37 Ma), was recorded between Samples 401-
U1609A-49X-4, 16–18 cm, and 49X-6, 67–69 cm (372.029 and 375.453 m CSF-B), and between 
Samples 401-U1609B-47X-3, 65–67 cm, and 47X-4, 82–84 cm (373.55 and 375.19 m CSF-B). The 
lowest common occurrence (LcO) of Globorotalia miotumida, which was used to identify the 
Tortonian/Messinian boundary in the Oued Akrech section in northern Morocco (Hilgen et al., 
2000), was recorded in Sample 401-U1609A-55X-CC (435.351 m CSF-B) and between Samples 
401-U1609B-54X-3, 124–126 cm, and 54X-5, 124–126 cm (435.19 and 438.064 m CSF-B).

Globorotalia menardii 5 was replaced by the group G. miotumida at the Tortonian/Messinian 
boundary, and both species coexist only during a short time period for about 20 ky (Sierro, 1985). 
The presence of abundant individuals of both species in Sample 401-U1609A-55X-CC (435.38 m 

Table T8. Planktonic foraminifer occurrences, Hole U1609A. Download table in CSV format.

Table T9. Planktonic foraminifer occurrences, Hole U1609B. Download table in CSV format.
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CSF-B) therefore indicates unambiguously that the Tortonian/Messinian boundary is located at 
this level or immediately below.

Abundant and well-preserved specimens of G. menardii 5 were found below the Tortonian/Mes-
sinian boundary. During the interval when this species is abundant, a change in coiling from sinis-
tral to dextral in Globorotalia scitula was observed. This event was described by Sierro et al. 
(1993) and astronomically dated at 7.28 Ma in the Mediterranean (Hüsing et al., 2009). The LcO of 
G. menardii 5 (7.36 Ma) was located between Samples 401-U1609A-56X-5, 124–126 cm, and 56X-
CC (442.517 and 445.1 m CSF-B), and between Samples 401-U1609B-55X-1, 124–126 cm, and 
55X-3, 124–126 cm (442.517 and 445.1 m CSF-B). The HcO of G. menardii 4 (7.51 Ma) was placed 
between Samples 401-U1609A-57X-1, 124–126 cm, and 57X-3, 124–126 cm (446.36 and 449.32 m 
CSF-B), and between Samples 401-U1609B-57X-1, 124–126 cm, and 57X-3, 124–126 cm (461.46 
and 464.43 m CSF-B). Although both holes were drilled a very short distance apart, there is a dis-
crepancy of 15 m in the depth position of this event between the two holes.

In the middle and early Tortonian, three events were identified only in Hole U1609A. The LO of 
Globigerinoides extremus was recorded between Samples 401-U1609A-62X-CC and 63X-CC 
(502.57 and 513.19 m CSF-B). There is a significant offset in the age of this event between the 
Mediterranean and tropical regions. In the Mediterranean, it has been dated at 8.37 Ma (Lirer et 
al., 2019), whereas in the tropical Atlantic it was dated at 8.83 Ma (geologic timescale 2020 
[GTS2020]; Raffi et al., 2020). In this study, the older, tropical Atlantic age was used because this 
event has been more precisely tuned. The HO of Globorotalia lenguaensis was identified between 
Samples 63X-CC and 64X-CC (513.2 and 522.9 m CSF-B) at 9 Ma.

Paragloborotalia siakensis and Paragloborotalia mayeri were grouped together because both spe-
cies show a similar morphology. The HO of this species was recorded between Samples 401-
U1609A-71X-CC and 72X-CC (590.51 and 597.08 m CSF-B). Significant discrepancies exist for 
the ages of this event in the Mediterranean and the tropical regions, and a discussion of its 
chronology can be found in the GTS2020 (Raffi et al., 2020). In this report, we use the Mediterra-
nean chronology for this event dated at 11.19 Ma.

4.3. Benthonic foraminifers
A total of 18 core catcher samples from Hole U1609A were processed and studied for the abun-
dance of more than 72 species of benthonic foraminifers (Table T7). Additionally, the mudline 
sample of Hole U1609A was treated with Rose Bengal stain and analyzed under a microscope after 
10 days. This treatment helps distinguish cytoplasm-containing tests from empty tests (Bernhard, 
2000). The stain is adsorbed onto the proteins (cytoplasm) rendering living foraminifers a pink 
color, whereas dead foraminifers remain white. Close inspection of the mudline sample under the 
microscope after processing the stained sample showed that it did not contain any foraminifers, 
either stained or unstained. This confirms that the top of Hole U1609A is an erosion/nondeposi-
tional surface on which no recent/fresh sediment has accumulated.

Elongate uniserial foraminifers, like Stilostomella, went extinct during the mid-Pleistocene Transi-
tion (Hayward, 2002; Kawagata et al., 2005). The first core catcher (Sample 401-U1609A-1H-CC) 
contained Stilostomella lepidula, confirming an age older than 1.2 Ma.

Although foraminifer preservation was good in all 18 of the samples, benthonic abundance was 
low, making up <4% of the total foraminifer population (Table T7). The planktonic (P) to ben-
thonic (B) foraminifer ratio (%P = P/[P + B]) has been used as an index of paleodepth (Grimsdale 
and Van Morkhoven, 1955; van der Zwaan et al., 1990) because the relative abundance of plank-
tonic foraminifers steadily increases with depth. However, the sensitivity of this method also 
declines with depth, and deeper than 1200 m the assemblage is almost completely dominated by 
planktonic foraminifers. The %P calculated for Hole U1609A samples ranges 94%–99%, indicating 
that the site was at depths >1200 m throughout the interval recovered, consistent with the water 
depth today of 1659.5 m. The common benthonic foraminifer species identified in Hole U1609A 
belong to the genera Brizalina, Bulimina, Globobulimina, Globocassidulina, Melonis, Oridorsalis, 
Sigmoilopsis, Trifarina, and Uvigerina in varying proportions. These species characterize upper 
bathyal environments (Saidova, 2008, Pérez-Asensio et al., 2012).
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None of the benthonic foraminifer species constitute more than 20% of the benthonic foraminifer 
fraction. The abundance of elevated epibenthonic assemblages in the Gulf of Cádiz region have 
been used as an indicator for Mediterranean Overflow Water (MOW); in recent benthonic fora-
minifer assemblages, the epibenthonic species are very abundant (60% or more) in areas with high 
near-bottom current velocities, whereas their abundances are only 3%–18% in areas of weak bot-
tom current. Hole U1609A samples contain elevated epibenthonic species like Cibicidoides spp.; 
their highest total abundance of 34% occurs in Sample 65X-CC, and their abundance is less than 
20% in Samples 38X-CC, 45X-CC, and 46X-CC. This suggests the site was not directly under any 
high-velocity current in the studied interval. Further interpretation of changes in energy of bottom 
water current would require studies at higher resolution.

5. Paleomagnetism
Paleomagnetic investigation of the 73 cores from Hole U1609A and 61 cores from Hole U1609B 
focused on demagnetization of the natural remanent magnetization (NRM) of archive-half split 
core sections and discrete samples from the working-half split core sections. The Icefield MI-5 
core orientation tool (#2043) was used to orient the uppermost 24 cores in the APC section of 
Hole U1609A (Table T10). Demagnetization results are plotted in stratigraphic order against CSF-
B depth. These reveal the magnetostratigraphic pattern in Holes U1609A (Figure F20) and 
U1609B (Figure F21), which were then correlated to the most recent geomagnetic polarity times-
cale (GPTS; Raffi et al., 2020) to obtain magnetostratigraphic age constraints for the polarity 
reversals in the holes and to calculate sediment accumulation rates for the three lithostratigraphic 
units.

Pass-through paleomagnetic measurements at Site U1609 were performed using the supercon-
ducting rock magnetometer (SRM) to investigate the NRM on a total of 842 archive halves (483 
section halves from Hole U1609A and 359 section halves from Hole U1609B). No pass-through 
measurements were made on core catcher sections. Alternating field (AF) demagnetization was 
performed on the SRM by applying stepwise peak fields of 5, 10, 15, and 20 mT, with measurement 
of the remaining magnetization taken at 5 cm resolution after each step for Cores 401-U1609A-2H 
through 41X and at 2 cm resolution for Cores 42X–73X and 401-U1609B-1H through 61X. SRM 
measurements were sporadically disturbed by the occurrence of artificial flux-jumps; these results 
were removed from the database. SRM data were extracted from the Laboratory Information 
Management System (LIMS) database and processed to remove all measurements collected from 
anomalous peak intensity intervals and all measurements that were made within 5 cm of the sec-
tion ends, which are biased by measurement edge effects. A smoothing window of 1 m was used 
for the inclination values to suppress the influence of data points that deviate significantly from 
the expected geocentric axial dipole (GAD) inclinations (+56°) at the site latitude (37.2°N). The 
processed NRM inclination, declination, and intensity data after 20 mT peak field AF demagneti-
zation are listed in Tables T11 and T12.

In addition, a total of 318 discrete oriented cube samples were collected from the working-half 
sections by manually pushing standard 7 cm3 plastic cubes in the cores when the cores were soft 
enough and by using an extruder when the cores became more indurated. For each core, 3–7 dis-
crete samples were taken, avoiding visually disturbed intervals. The depth levels from which the 
measured discrete samples were taken are indicated by small blue triangles beside the core num-
ber panel in Figure F20. The anisotropy of magnetic susceptibility (AMS) and bulk MS were mea-
sured on all samples using the MFK2 KappaBridge unit. After the AMS measurements, the NRM 
of 196 cube samples was measured on the AGICO JR-6A spinner magnetometer. Stepwise AF 
demagnetization was performed on Cores 401-U1609A-2H through 30F at successive peak fields 
of 0, 5, 10, 15, 20, 25, 30, and 35 mT to verify the reliability of the SRM measurements and to help 
determine the overprint component in the sections. For Cores 30F–73X, AF demagnetization in 
smaller steps of 2, 4, 6, 8, and 10 mT was applied to remove the overprint and determine the direc-

Table T10. Icefield MI-5 tool core orientation corrections, Hole U1609A. Download table in CSV format.
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tion of the component remaining at 10 mT. The inclination data after 10 mT peak field AF demag-
netization of the discrete samples are listed in Table T13.

5.1. Paleomagnetic signals
The intensity of NRM after 20 mT peak field AF demagnetization for Holes U1609A and U1609B 
is similar in magnitude, ranging about 1.5 × 10−5 to 4.0 × 10−1 A/m (Figures F20, F21). The NRM 
intensity in the uppermost 15 m CSF-B of Hole U1609A shows relatively high intensities with an 
average of 5 × 10−2 A/m. Below, intensities drop to average values ranging 1.5 × 10−5 to 5 × 10−3

A/m. The NRM intensities at the uppermost 10 cm of each core show peak values between 1 × 
10−2 and 1 × 10−1 A/m, suggesting core drilling/handling overprints. AMS results show an overall 
vertical direction of the Kmin axis in agreement with a sedimentary fabric.
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Figure F20. Paleomagnetic results, Hole U1609A. Red vertical line = GAD inclination at site latitude in normal polarity. 
Smoothed inclination used 1 m moving window. Orange band = standard deviation of smoothing results. ChRM inclination 
of discrete samples have α95 uncertainties. Blue triangles = discrete sample positions. Chron column: black = normal polarity, 
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Figure F21. Paleomagnetic results, Hole U1609B. Red vertical line = GAD inclination at site latitude in normal polarity. 
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Table T11. Paleomagnetic results of SRM measurements after 20 mT peak field AF demagnetization, Hole U1609A. Down-
load table in CSV format.

Table T12. Paleomagnetic results of SRM measurements after 20 mT peak field AF demagnetization, Hole U1609B. Down-
load table in CSV format.

Table T13. Paleomagnetic results of JR-6A spinner measurements of discrete samples after AF demagnetization at 10 mT, 
Hole U1609A. Download table in CSV format.
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For both holes, the NRM removed below 10 mT is likely related to an overprint caused by core 
drilling (Acton et al., 2002). Inclination values after AF demagnetization at 20 mT were used to 
tentatively identify magnetic reversals. All sections showed many significantly deviated and scat-
tered data points that may be due to the concentration of magnetic iron sulfides. These were sub-
sequently removed during data processing. For Hole U1609A, normal polarity intervals can be 
recognized based on the smoothed inclination records, when successive SRM inclination values 
fall consistently at the expected GAD inclination (+56°) at the coring site (37.2°N) and the discrete 
sample inclination is positive, especially in the uppermost 400 mbsf (Figure F20). Reversed direc-
tions are less clearly defined, probably because of incomplete overprint removal. Reversed inter-
vals are inferred when successive SRM inclination values fall below the GAD inclination and 
sample inclination is negative. Below 400 mbsf, the magnetic signal was still more uncertain and it 
was difficult to identify normal and reversed intervals. The magnetostratigraphy of Hole U1609B 
is only based on SRM inclinations (Figure F21).

NRM intensities of the discrete samples are similarly weak, even as low as to 10 × 10−5 A/m, which 
is close to the background noise of the JR-6A (2 × 10−5 A/m). Detailed analyses showed that an 
overprint component was generally removed between 0 and 10 mT, after which a second dual-
polarity component remained that we interpret to be the characteristic remanent magnetization 
(ChRM) component (Figure F22). This component could not be properly demagnetized in the 
applied magnetic fields, and in some cases the samples seemed to acquire a gyroremanent magne-
tization (suggesting presence of the iron sulfide greigite) that obscures the primary signal (Roberts 
et al., 2011). The inclinations from the discrete samples generally confirm the polarities suggested 
by the inclination values measured on the archive-half core sections, and in some cases they even 
provided additional directional information that could not be deciphered from the SRM data.

5.2. Magnetostratigraphy
The inclination data from both SRM and discrete samples were combined to generate an inte-
grated polarity pattern for Hole U1609A (Figure F20; Table T14). The uppermost 60 m CSF-B 
shows dominantly reversed polarities with a short normal polarity interval between 20 and 40 
mbsf. Biostratigraphic age constraints indicate an early Pleistocene age for this interval, and we 
therefore correlate this normal polarity interval to Chron C2n (Olduvai). A dominantly normal 
polarity interval is also observed between 90 and 125 mbsf that most likely corresponds to Chron 
C2An (Gauss), although the characteristic pattern was not clearly resolved. Next, a long interval of 
reversed polarity with up to four short normal polarity intervals correlates well to the Chron C3n 
pattern with the normal Cochiti, Nunivak, Sidufjall (not very clear), and Thvera Chrons resolved 

Figure F22. AF demagnetization results, Hole U1609A. Left: vector endpoints of paleomagnetic directions measured after 
each demagnetization treatment on orthogonal projection (Zijderveld) plot. Examples of normal (positive inclinations) and 
reversed (negative inclinations) polarity are shown in left and right panels, respectively. Squares = horizontal projections, 
circles = vertical projections. Right: intensity variation with progressive demagnetization.
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between 176 and 280 mbsf. The long reversed polarity interval between 280 and 348 mbsf then 
correlates to Chron C3r. This is the chron in which the Miocene/Pliocene boundary is defined (at 
5.33 Ma) (Van Couvering et al., 2000) and the entire MSC (5.97–5.33 Ma) took place (Roveri et al., 
2014). Downhole, the magnetic signal becomes less clear, and the GPTS indicates many short 
polarity intervals. The scatter in this interval made it very hard to determine and correlate polarity 
reversals robustly. Thus, below Chron C3An.1n at 366 mbsf we refrain from drawing correlation 
lines (Figure F20). The interval 490–515 mbsf is marked by mostly reversed polarity, and the most 
logical correlation would be to the long reversed Chron C4r, which would place the N/R reversal at 
516 mbsf at the base of Chron C4r.2r. Downward extrapolation, assuming no major breaks in sed-
imentation, gives an age of ~10.5 Ma for the base of Hole U1609A (Figure F20).

The polarity pattern for Hole U1609B is entirely based on SRM data. Despite the two holes only 
being ~20 m apart, the demagnetization data appear to show better defined polarity reversals and 
clearer inferred reversed intervals, most of them containing negative inclinations. The normal 
polarities around 100 mbsf correlate again with Chron C2An (Gauss). Similar to Hole U1609A, a 
long interval of reversed polarity with up to 4 short normal polarity intervals correlates well to the 
Chron C3n pattern with the normal Cochiti, Nunivak, Sidufjall (again not very clear), and Thvera 
Chrons resolved between 178 and 280 mbsf. Downhole, the long reversed Chron C3r is clearly 
resolved as well as the two normal chrons, C3An.1n (347–368 mbsf ) and C3An.2n (381–399 
mbsf ). The top of the next normal chron (CBn) is also clearly determined at 420 mbsf (Figure 
F23). This chron is located just above the Tortonian/Messinian boundary (~first regular occur-

Table T14. Magnetostratigraphic results showing depth estimates of the correlative GPTS reversals, Site U1609. * = reversal 
depth is uncertain in our data. Download table in CSV format.

Unit

Site U1609 Hole U1609A JR-6A Hole U1609A SRM Hole U1609B SRM

Chron
GPTS 2020 
Age (Ma)

Depth 
CSF-A (m)

Depth 
CSF-B (m)

Depth 
CSF-A (m)

Depth 
CSF-B (m)

Depth 
CSF-A (m)

Depth 
CSF-B (m)

. 

1 C2An.2n 3.21 x x x x 82–83 82–83
C2An.2r 3.33 x x x x 94–95 94–95
C2An.3n 3.6 114.8–133.9* 114.2–133.9* 126.5–128 126.5–128 124.5–126 124.5–126
C2Ar 4.19 167.6–183.7* 167.6–183.7* 168–174 168–174 178–178.5 178–178.5
C3n.1n (Cochiti) 4.3 186.6–194.6* 186.6–194.6* 187.6–193 187.6–193 190–191 190–191
C3n.1r 4.49 204.1–213.7* 204.1–213.7* 211.5–213 211.5–213 210–211.5 210–211.5
C3n.2n (Nunivak) 4.63 213.7–225.9* 213.7–225.9* 226–227.5 226–227.5 218.5–220 218.5–220
C3n.2r 4.8 242.6–248.1* 242.4–247.8* x x x x
C3n.1n (Sidufjall) 4.9 248.1–249.1* 247.8–249.1* x x x x
C3n.3r 5.0 253.9–258.6* 253.9–258.6* 254.5–258.5 254.5–258.5 257.5–258.5 257.5–258.5
C3n.1n (Thvera) 5.23 270.9–284.2* 270.6–284.1* 277–280.5 277–280.5 279–280 279–280
C3r 6.02 343.1–349.2* 343.1–349.1* 343–348 343–348 347–347.5 347–347.5

2 C3An.1n 6.27 361.4–367.1* 361.3–367.0* 366–367 366–367 365.5–370 365.5–370
C3An.1r 6.39 x x x x 381–382 381–382
C3An.2n 6.73 x x x x 404.5–405 404.5–405
C3Ar 7.1 416.8–420.0* 416.8–419.2* x x 419.5–421.5 419.5–421.5
C3Bn 7.21 425.3–426.6* 425.1–426.6* x x 433–435 433–435
C3Br.1r 7.26 x x x x
C3Br.1n 7.31 x x x x
C3Br.2r 7.46 x x x x
C3Br.2n 7.5 x x x x
C3Br.3r 7.54 x x 460–462 460–462
C4n.1n 7.65 x x 465–466 465–466
C4n.1r 7.7 x x 469–470 469–470

3 C4n.2n 8.13 x x 490.5–494 490.5–494
C4r.1r 8.26 x x x x
C4r.1n 8.3 x x x x
C4r.2r 8.77 x x
C4An 9.11 x x
C4Ar.1r 9.31 x x
C4Ar.1n 9.43 x x
C4Ar.2r 9.65 x x
C4Ar.2n 9.72 x x
C4Ar.3r 9.79 x x
C5n.1n 9.94 x x
C5n.1r 9.98 x x
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rence of the G. miotumida group; Hilgen et al., 2000), which is in good agreement with the fora-
minifer data that indicates this bioevent is at 435 mbsf (Table T4). The complex latest Tortonian 
interval of Chron C3Br with multiple short polarity intervals is poorly resolved, and the position of 
the two normal polarity intervals Chrons C3Br.1n and C3Br.2n is only speculative (Figure F23) 
and here primarily based on the well-established biostratigraphic constraints of the G. menardii
group (Table T4). The polarity pattern of 450–490 mbsf shows mainly normal polarities with two 
short negative inclination intervals at 455–462 and 465–470 mbsf that correlate well to Chrons 
C3Br.3r and C4n.1r, respectively. Downward correlation of the polarity pattern provides an esti-
mated age of ~8.3 Ma for the base of Hole U1609B.

Finally, the magnetostratigraphic results of Holes U1609A and U1609B were compared by plotting 
them next to each other on the same depth scale (Figure F24). This showed overall good correla-
tion, giving more confidence to the preliminary magnetostratigraphic interpretations of each hole. 
The ages of the well-identified magnetic reversals plotted against stratigraphic depth (CSF-B 
scale) provide sediment accumulation rates for both holes (Figure F25). These curves indicate 
average accumulation rates of ~10 cm/ky for Lithostratigraphic Unit I (Pliocene), decreasing 
downhole to 8 cm/ky for Unit II (Messinian) and <5 cm/ky for Unit III (Tortonian).

Figure F23. Detailed paleomagnetic results, upper Tortonian–lowermost Messinian part of Hole U1609B (400–510 mbsf ). 
Complex interval comprises multiple short polarity chrons. Lines = best-fit correlations between inclination record after 20 
mT AF demagnetization and GPTS. Age: black = normal polarity, white = reversed polarity, gray = uncertain polarity.
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Figure F24. Correlation of magnetostratigraphy, Site U1609. Red vertical line = GAD inclination at site latitude in normal 
polarity. Smoothed inclination used 1 m moving window. Orange band = standard deviation of smoothing results. ChRM 
inclination of discrete samples have α95 uncertainties. Chron columns: black = normal polarity, white = reversed polarity, 
gray = zones of uncertain normal polarity. Lines and numbers along interpreted chron columns = tie points between holes 
and GPTS. Dashed lines between holes and GPTS = best-fit correlation of well-recognized polarity boundaries.
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6. Geochemistry

6.1. Volatile hydrocarbons
Headspace gas analysis was performed as part of the standard protocol required for shipboard 
safety and pollution prevention monitoring. In total, 66 headspace samples from Hole U1609A 
(sampling resolution of one per core or one every other half-length core) were analyzed (Figure 
F26; Table T15). In Hole U1609A, methane (C1), ethane (C2), ethene (C2=), and propane (C3) were 
detected. Methane was first detected at 25.8 m CSF-A (Section 401-U1609A-4H-4), increasing to 
36,640 parts per million by volume (ppmv) by 112.6 m CSF-A (Section 13H-5), and reaching a 
maximum of 42,690 ppmv at 246.7 m CSF-A (Section 32F-3). Methane levels decrease deeper than 
279.2 m CSF-A (Section 39X-4) to less than 20,000 ppmv with one exception of 36,850 ppmv at 
389.8 m CSF-A (Section 51X-3). At the base of Hole U1609A, the concentration of methane is 
1008 ppmv. Ethane was first detected at 73.3 m CSF-A (Section 9H-4). In Hole U1609A, ethane 
reaches a maximum of 3.3 ppmv at 256.2 m CSF-A (Section 34F-3) with a concentration profile 
that is broadly similar to methane but four orders of magnitude smaller. The median C1:C2 ratio is 
19,052. Ethene was detected in an isolated sample at 279.1 m CSF-A (Section 39X-4) and then 
again in three samples toward the base of the core (Sections 67X-4, 69X-4, and 72X-2). Propane 
was detected in five samples, all at <0.5 ppmv; the shallowest detection was 0.42 ppmv at 256.2 m 
CSF-A (Section 34F-3), and the deepest detection was 0.1 ppmv at 449.6 m CSF-A (Section 57X-
4).

These concentrations of volatile hydrocarbons do not present a drilling concern. Although meth-
ane, ethane, and propane are commonly assumed to be indicative of deep subsurface thermogenic 
production in the oil window >250°C, these gases are also now known to be produced by biogenic 
processes (Oremland et al., 1988; Hinrichs et al., 2006). The distribution of methane and ethane 
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U1609. Circles = well-established reversals, triangles = uncertain ages.
03.2025 publications.iodp.org · 42



R. Flecker et al. · Site U1609 IODP Proceedings Volume 401

https://doi.org/10.14379/iodp.proc.401.1
peaking below the sulfate reduction zone is consistent with microbial methanogenic (as well as 
trace ethanogenic and propanogenic) production. At the base of the core, ethene detection and 
ethene/ethane ratios >1 suggest a different pathway of microbial production (Weniger et al., 2019) 
than that in the shallower depths of the core.

6.2. Interstitial water chemistry
Water was poured from the top of the liner of Core 401-U1609A-1H into a bucket while it was on 
the catwalk. This mudline sample approximates a bottom water sample. Interstitial water (IW) 
was extracted from a total of 66 whole-round samples from Hole U1609A at a sampling resolution 
of one sample per APC and XCB core or every other HLAPC core (Tables T16, T17). No IW 
samples were taken in Hole U1609B.

6.2.1. Alkalinity, pH, and salinity
Alkalinity increases from a minimum of 2.4 mM in the mudline sample (401-U1609A-1H-1, 0 cm) 
to a maximum of 20.0 mM at 166.8 m CSF-A (Section 19H-2) (Figure F27; Table T16). Below this 
peak, alkalinity declines to ~6.5 mM at 354.1 m CSF-A (Section 47X-4) before rising again slightly 
to no higher than 9.5 mM at 546.5 m CSF-A. Values for pH range from a minimum of 7.4 to a 
maximum of 7.8 (Figure F27), with peak values occurring in the shallow subsurface at 25.7 m CSF-
A (Section 4H-3) and at 333.1 m CSF-A (Section 45X-3). Salinity ranges 32–35, with 32 being the 
dominant value for much of Hole U1609A (Table T16).

We interpret the initial rise in alkalinity to be predominantly caused by microbial sulfate reduction 
in Cores 401-U1609A-1H through 6H followed by net carbonate dissolution in Cores 7H–19H 
despite the excellent carbonate microfossil preservation (glassy foraminifers) based on visual 
inspection (see Biostratigraphy). These changes are accompanied by a decrease in pH as a result 
of respiration of organic matter. Below 200 m CSF-A, net carbonate precipitation and dissolution 
contribute to alkalinity decreasing and increasing, respectively, again accompanied by changes in 
pH.

Figure F26. Headspace gas methane, ethane, ethene, and propane, Hole U1609A.
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Table T15. Gas concentrations, Hole U1609A. Download table in CSV format.

Table T16. Geochemical properties measured for liquid phase, Hole U1609A. Download table in CSV format.

Table T17. Geochemical properties measured by ICP-AES for liquid phase, Hole U1609A. Download table in CSV format.
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6.2.2. Major ions
Major ion concentrations (Na+, Cl–, Ca2+, Mg2+, K+, SO4

2−, and Br−) of IW were analyzed by ion 
chromatography (Table T16). Sodium and chloride vary by approximately 3% and show close 
covariation (Figure F28). An increase in sodium and chloride of approximately 2% occurs immedi-
ately between the mudline sample and the first IW sample (401-U1609A-1H-1, 145–150 cm), fol-
lowed by a decrease in both ions to approximately 150 m CSF-A before an increase toward the 
bottom of the hole. These variations are likely driven by uptake and release of water into intersti-
tial layers of clay minerals, potentially both in situ and during the process of core recovery and 
depressurization. The observed change in chloride concentrations of approximately plus or minus 
1.4% in this hole relative to the mudline value could be achieved by loss/gain of 0.77 mol of H2O 
per 1 mL of IW, which is within a reasonable amount for the proportions of clay observed at this 
site (see Lithostratigraphy). The Na/Cl ratio varies minimally around the mudline value, reflect-
ing minor uptake of sodium ions into clays or zeolites.

Calcium decreases from 10.8 mM in the mudline sample to a minimum of 4.5 mM at 35.2 m CSF-
A (Section 401-U1609A-5H-3) with a gradual rise to 8.8 mM at 195.3 m CSF-A (Section 22H-2) 

Figure F27. IW alkalinity and pH, Hole U1609A. Open symbol = likely contamination when Core 36F was pumped out from 
the core barrel. Dashed line = mudline (bottom water) values.
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(Figure F29). This rise is followed by a second decline to 6.2 mM at 362.2 m CSF-A (Section 48X-
3) and another coherent rise to the maximum value of 14.6 mM at 603.1 m CSF-A (Section 73X-2) 
at the base of the profile. The calcium decrease in the upper part of the hole indicates authigenic 
carbonate precipitation associated with the alkalinity rise caused by sulfate reduction. The lower 
variations in calcium are inversely correlated with pH, indicating that these pH variations and 
associated change in calcium carbonate saturation state are likely driving net carbonate mineral 
dissolution and precipitation. The total range of calcium concentrations observed, 10 mM, could 
be produced by the net dissolution of just 1 mg of CaCO3 per milliliter, so the trend in IW compo-
sition has likely not made an observable difference in the percent of sedimentary carbonate.

Magnesium decreases from 56.0 mM in the mudline sample to 48.2 mM at 35.2 m CSF-A (Section 
401-U1609A-5H-3) with a gradual decrease continuing linearly to 34.0 mM at the bottom of the 
hole (Figure F29). Some of the decrease in magnesium could be related to authigenic magnesium 
carbonate precipitation in the zone of sulfate reduction, based on the co-occurring decrease in 
calcium, but the greater magnitude of drawdown in magnesium compared to that for calcium and 
the similarity between the magnesium and potassium profiles suggest that most of the magnesium 
decline may be related to clay formation, probably both smectites (incorporating Mg) and illites 
(incorporating K). Potassium increases from 10.6 mM at the surface to 12.4 mM in the first IW 
sample at 1.45 m CSF-A (Sample 1H-1, 145–150 cm), followed by a decline to relatively stable 
values between 8.8 and 10.0 mM for the remainder of the hole. The similarity between the potas-
sium profile and the Na/Cl ratio suggests that these trends are driven by the uptake and release of 
monovalent ions into clay minerals.

Sulfate concentrations decrease from 29.2 mM in the mudline sample to levels below detection at 
54.2 m CSF-A in Section 401-U1609A-7H-3 (Figure F30), defining the base of the zone of sulfate 
reduction. Sulfate remains <2.5 mM throughout the rest of the hole. The sulfate–methane transi-
tion zone (SMTZ) occurs near 44.8 m CSF-A (Section 6H-3). Bromide concentrations increase 
from a minimum of 0.87 mM at the surface to 1.00 mM by 256.1 m CSF-A (Section 34F-2), likely 
being released from the degradation of organic matter through the sulfate reduction and metha-
nogenic zones.

6.2.3. Ammonium, phosphate, and total phosphorus
Ammonium and phosphate concentrations in IW were analyzed by spectrophotometry (Figure 
F31; Table T16). Ammonium concentrations increase rapidly downcore from 0 μM in the mudline 
sample to more than 3500 μM in the uppermost 200 m CSF-A before declining below 250 m con-
sistently to 1779 μM at 603.1 m CSF-A (Section 401-U1609A-73X-2). Phosphate concentrations 
also increase initially from 3.42 μM at the surface (Section 1H-1) to a maximum of 32.4 μM at 35.2 
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m CSF-A (Section 5H-3) before declining to <10 μM below 92.3 m CSF-A (Section 11H-3) and <6 
μM below 232.7 m CSF-A (Section 28F-2). Total P measured by inductively coupled plasma–
atomic emission spectroscopy (ICP-AES) yields higher phosphorus concentrations across the 
uppermost 300 m CSF-A, with a maximum of 36.8 μM at 35.2 m CSF-A (Section 5H-3) and levels 
around 22 μM from 83 to 167 m CSF-A (Figure F31; Table T17). These higher levels of P may 
reflect a dissolved organic P phase in addition to phosphate.

Both ammonium and phosphate are released into IW during anaerobic respiration of organic mat-
ter. We interpret the different rates of decrease with depth to reflect downward diffusion for 
ammonium and a sink for phosphorus into iron minerals or authigenic carbonate-fluorapatite 
(Filippelli and Delaney, 1996; Paytan and McLaughlin, 2007).
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6.2.4. Trace elements (Li, Si, Ba, B, Sr, Fe, and Mn)
Trace element concentrations in IW were analyzed by ICP-AES (Table T17). Lithium and silicon 
show similar downcore patterns (Figure F32) that are generally inverse to that for pH (Figure F27). 
The maximum values observed are 186 μM for Li and 862 μM for Si. The inverse correlation with 
pH likely reflects silica solubility and precipitation and dissolution of clay phases.

Barium concentrations are very low where sulfate is present in the uppermost few cores and rise to 
as high as 100 μM below the SMTZ, with some additional fluctuations at depth (Figure F33). The 
barium profile is largely controlled by barite (BaSO4) solubility and possibly silica dissolution 
(Brumsack and Gieskes, 1983). The profile for boron is very similar to that for potassium, suggest-
ing that it is also controlled by clay mineral reactions. Strontium concentrations increase gradually 
from ~92 μM (Core 401-U1609A-1H) to 283 μM at 381.5 m CSF-A (Section 50X-3) before a 
greater rate of increase to 924 μM at 603.1 m CSF-A (Section 73X-2). This more rapid increase in 
Sr below 381.5 m CSF-A (Figure F33) is likely due to increased carbonate dissolution, as signaled 
by a decrease in pH and increase in alkalinity (Figure F27) and Ca concentrations (Figure F29). 
The trend in the overlying sediment may reflect slow carbonate recrystallization and/or upward 
diffusion of the strontium being actively released at greater depths (Martin and Scher, 2004).
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Figure F32. IW minor element concentrations (Li and Si), Hole U1609A. Dashed line = mudline (bottom water) values.
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Iron concentrations increase from below the limit of detection in the uppermost few cores to a 
subsurface maximum of 23.8 μM at 138.3 m CSF-A (Section 401-U1609A-16H-2) before declining 
back to low levels below 285 m CSF-A (Figure F34). Manganese is below detection in the mudline 
sample and present in low concentrations (generally <2 μM) throughout the core, reaching its 
maximum of 3.4 μM in the uppermost IW sample at 1.5 m CSF-A (Section 1H-1). The iron and 
manganese concentrations generally reflect the redox environment of the IW in the sulfate reduc-
tion and methanogenic zones, with the possibility of some metabolic manganese reduction occur-
ring within Section 1H-1.

6.3. Sedimentary geochemistry
Sediment samples were collected for analysis of solid-phase geochemistry at a resolution of one 
sample per core or one sample every other half-length core in Hole U1609A (Table T18). These 
samples came from a fraction of the IW squeeze cake residue. Some additional samples were taken 
from both Holes U1609A and U1609B to identify the geochemical variation across lithologic color 
cycles identified by the shipboard sedimentologists.

6.3.1. Calcium carbonate
CaCO3 varies from 19.5 to 74.9 wt% (Figure F35; Table T18) with a mean of 45.2 wt% and a stan-
dard deviation of 11.5 wt%. CaCO3 follows a gently increasing trend from 20 to 40 wt% in the 
uppermost 180 m CSF-A and then varies between 30 and 50 wt% before an interval (457.7–486.8 
m CSF-A; Sections 401-U1609A-58X-2 through 61X-2) of low values between 31 and 36 wt%. 
Below this interval, CaCO3 increases to 74.9 wt% in the deepest sample at 603.1 m CSF-A (Section 
73X-2). The CaCO3 content determined by coulometry agrees well with quantification of the min-
eral assemblage from the XRD spectra (Figure F36).

The highest carbonate concentrations at the bottom of Hole U1609A presumably reflect higher 
carbonate productivity and/or lower dilution or dissolution compared to the upper sediments. 
The decrease in CaCO3 from 40 to 20 wt% in the uppermost 180 m CSF-A may indicate decreased 
production and/or increased dissolution. Smaller scale variability in the CaCO3 weight percent 
measurements likely represents random sampling of the higher frequency lithologic cycles, 
detected visually in color variations (see Lithostratigraphy) and in measurements of physical 
properties of the cores (see Physical properties). A strong negative correlation (R2 = 0.81) 
between the CaCO3 weight percent and the NGR measurements taken closest to the IW samples 
shows that the proportion of the carbonate sedimentary fraction dominates the cycles in NGR and 
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Figure F34. IW trace element concentrations (Fe and Mn), Hole U1609A. Concentrations below detection limit are plotted 
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Table T18. CaCO3, organic carbon, and nitrogen in sediments, Site U1609. Download table in CSV format.
03.2025 publications.iodp.org · 48



R. Flecker et al. · Site U1609 IODP Proceedings Volume 401

https://doi.org/10.14379/iodp.proc.401.1
that the CaCO3 range and cyclicity is aliased by the discrete analyses from the squeeze cake sam-
ples, which represent 5–7 cm integration and ~10 m spacing (Figure F37). In XCB cores, whole-
round IW sampling was selective for core sections with more intact lithology, avoiding sediments 
visibly disturbed by drilling rather than sampling specific lithologies to evaluate their carbonate 
content. Consequently, some bias may result in the reported CaCO3 weight percent because part 
of the natural range may be unsampled.

6.3.2. Carbon and nitrogen
Total organic carbon (TOC) is calculated to be between 0 and 0.95 wt% (Figure F35; Table T18) 
based on the difference between total carbon (TC) and total inorganic carbon (TIC) (TOC = TC − 
TIC). For two samples, analysis of TC yielded a lower number than TIC, most likely caused by 
minor loss (incomplete transfer) of the sample in weighing or analysis, so these results were dis-
carded. Weight percent nitrogen (Figure F35; Table T18) was measured downhole and ranges 
0.014–0.109 wt%. The C/N mass ratio (using TOC and total nitrogen [TN]) is used to distinguish 
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the origin of organic matter (marine versus terrestrial) in sediment (Emerson and Hedges, 1988; 
Meyers, 1997) and may also be influenced (decreased) by degradation of organic matter (Rutten-
berg and Goñi, 1997). The data set has a mean C/N ratio of 9.7 and a standard deviation of 2.6, 
indicating that the organic carbon is dominantly of marine origin with a lesser contribution from 
terrestrial organic matter (Figure F35; Table T18). There is no downhole trend in the data, sug-
gesting that marine production and terrestrial inputs, as well as organic degradation, are broadly 
consistent across the whole record. Variability in the C/N ratio may be related to provenance or 
productivity changes, but some component of the variability is likely scatter due to the analytical 
challenge of obtaining TOC from TC − TIC.

6.3.3. Carbonate fraction geochemistry
In addition to the standard shipboard measurements of calcium carbonate concentrations in sedi-
ments, we performed geochemical analyses on the acid-soluble (carbonate) fraction of the sedi-
ment (Table T19). Because variable amounts of carbonate are present in each sample, the 
carbonate geochemistry data are reported as elemental ratios relative to calcium (Figure F38). The 
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Table T19. Carbonate fraction geochemistry, Hole U1609A. Download table in CSV format.
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Figure F38. Carbonate Mg/Ca, Mn/Ca, and Sr/Ca, Hole U1609A.
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carbonate Mg/Ca ratios show a few high values up to 54 mmol/mol (Sample 401-U1609A-2H-3, 
147–152 cm) in the uppermost few cores before stabilizing between 2 and 5 mmol/mol below 
approximately 100 m CSF-A. The Mg/Ca ratios likely reflect small amounts (mostly <1%) of dolo-
mite, which were also detected in smear slides and in bulk sedimentary XRD analysis (see Litho-
stratigraphy). The amount of dolomite permitted by the carbonate Mg/Ca ratios is generally 
smaller than the estimates of dolomite from the XRD analysis. This could be due to nonstoichio-
metric dolomite with Mg/Ca < 1. Carbonate Mn/Ca ratios are also high in the uppermost few 
cores before stabilizing between 0.2 and 0.5 mmol/mol, with the exception of the interval between 
285 and 450 m CSF-A (Cores 40X and 57X), which shows higher and variable Mn/Ca ratios. This 
interval may reflect distinct early diagenetic redox conditions, during which manganese can be 
reduced and mobilized in anoxic IW and subsequently incorporated into authigenic or recrystal-
lizing carbonate minerals (Froelich et al., 1979; Boyle, 1983; Thomson et al., 1986). Carbonate 
Sr/Ca ratios show lower values between 1 and 2 mmol/mol in Cores 1H–7H and then stable values 
around 2.1–2.2 mmol/mol downcore. The lower strontium concentrations together with higher 
magnesium and manganese suggest more intense carbonate diagenesis occurred in the shallowest 
sediments recovered from Hole U1609A.

7. Physical properties
Physical properties at Site U1609 were determined in Holes U1609A and U1609B at 2.5 cm spac-
ing on the Whole-Round Multisensor Logger (WRMSL) and Section Half Multisensor Logger 
(SHMSL) and at 10 cm spacing on the Natural Gamma Radiation Logger (NGRL) (see Physical 
properties in the Expedition 401 methods chapter [Flecker et al., 2025a]). The Special Task Multi-
sensor Logger (STMSL) was only used for Hole U1609B for the real-time stratigraphic correlation 
purposes at 5 cm spacing. Thermal conductivity was measured on Section 2 of each core in Hole 
U1609A and was not measured in Hole U1609B. P-wave velocity measurements on working-half 
sections were obtained from all the sections from Hole U1609A and on Cores 401-U1609B-33X 
through 61X. Moisture and density (MAD) measurements on discrete cylindrical samples were 
determined for every second section of Cores 401-U1609A-1H through 43X and for every first 
and last section of Cores 401-U1609A-44X through 73X.

Four physical properties units were defined at Site U1609 (Figure F39) with boundaries at 344, 
458, and 531 m CSF-B. The physical properties units are the same as the lithostratigraphic units 
(see Lithostratigraphy). The similarity between physical properties of Holes U1609A and U1609B 
(Figures F39, F40, F41) can be attributed to the 20 m horizontal distance between holes where 
stratigraphy is expected to be the same. Any apparent differences are assumed to be drilling 
related (e.g., associated with core gaps, drilling disturbance, or borehole inclination).

The lower boundary of Unit I at 344 m CSF-B (Figure F39) occurs at a transition from the older 
clayey calcareous oozes and muds (Unit II) to calcareous muds and calcareous silty muds (see 
Lithostratigraphy). Unit I cyclicity is evident in MS and best resolved in Hole U1609B because of 
gaps in recovery in Hole U1609A. Within Unit I, MS decreases a little downhole in Hole U1609A 
with a steep drop at ~20 m CSF-B, as does the total count of NGR. Drill bit changes at ~270 and 
~230 m CSF-B in Holes U1609A and U1609B, respectively, are noted in case these are related to 
discontinuities in the physical properties.

NGR and MS show a similar trend throughout the entire core depth (Figure F39). The L* data 
show an inverse relative to MS and NGR (Figure F40). There is less coherence between Hole 
U1609A and U1609B gamma ray attenuation (GRA) density data sets, likely due to differences in 
the quality and the diameter of the cores (Figure F39). NGR, GRA, and MS decline relatively con-
sistently with depth in Units III and IV, although a peak in NGR and MS is noted at ~500 m CSF-
B and three peaks in GRA are noted at ~520–540 m CSF-B. Unit III contains coarser sandy layers 
(see Lithostratigraphy) that are detected as abrupt spiky peaks in NGR (e.g., at ~490 m CSF-B; 
Figure F41). Variations in NGR, MS, and GRA physical properties are associated with visible color 
changes and reflectance data (Figure F40), both likely related to changes in lithology.
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7.1. Magnetic susceptibility
The uppermost 20 m CSF-B of Hole U1609A has MS values nearly double (~25 instrument units 
[IU]) the rest of the record (Figure F40), with an abrupt decrease at 20 m. Below this, MS is rela-
tively consistent from 20 to 600 m CSF-B with cyclicity at ~0.5–3 m wavelength (Figure F39). 
These high-frequency cycles are superimposed on lower frequency oscillations. From 20 to 120 m 
CSF-B, there is a gradual decrease in MS values to a low at ~120 m CSF-B. This is followed by a 
rising trend with another low at 270 m CSF-B that is visible in both Holes U1609A and U1609B, 
suggesting that it is related to lithology. Although this transition also corresponds to the depth at 
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which drilling shifted from APC to XCB coring in Hole U1609A (269.7 m CSF-B), the switch in 
drilling techniques occurred higher in Hole U1609B (234.1 m CSF-B) and thus appears unrelated.

From ~270 m CSF-B to the Unit I/II boundary (344 m CSF-B), the MS record exhibits 40 m scale 
undulations with a trough at 308 m CSF-B and two peaks at ~289 and ~330 m CSF-B. MS values 
shift back to a ~100 m undulation in Unit II, which consists of a trough at ~430 m CSF-B as well as 
two peaks roughly corresponding to the upper and lower boundaries of the unit (344 and 458 m 
CSF-B, respectively) (Figure F39). The peak at ~458 m CSF-B appears to be a common feature 
traceable across the MS, GRA density, and NGR data sets (Figure F39), associated with low car-
bonate concentrations (see Geochemistry). Units III and IV show high-frequency 0.5–1.5 m 
cycles superimposed on a decreasing trend, which is a feature common to both the GRA density 
and NGR data sets and is related to increasing carbonate concentrations.

7.2. Gamma ray attenuation bulk density
GRA density values vary from ~1.7 to 2.1 g/cm3 for both holes, with high-frequency variations 
(0.5–3 m cycles) superimposed on low-frequency trends. The dominant feature in the downcore 
record is the large drop in GRA at the shift from APC to XCB coring that occurs at 269.7 m CSF-B 
in Hole U1609A and 234.1 m CSF-B in Hole U1609B (arrows in Figure F39). GRA calculations 
assume the liner is full, but if they are not this implies a lower-than-measured GRA density, and 
this will have a larger influence on the narrower diameter XCB cores; therefore, this step in GRA 
values is an artifact due to the change in coring method. Smaller amplitude, coring technology-
related artifacts may be detected in the MS and NGR data (arrows in Figure F39).

GRA density has no discernible trend in Unit I other than the drilling related change. GRA density 
values in Unit II increase modestly with depth with a low at the Unit II/III boundary and generally 
decrease with depth in Unit III and IV with some peaks in GRA around the Unit III/IV boundary. 
In Unit III, there are two peaks at ~460 and ~520 m CSF-B in Hole U1609A; the peak at 460 m 
CSF-B is seen in the MS data, but there is no corresponding change in MS at 520 m CSF-B, sug-
gesting that the lithologic nature of these high density features differ. Unit IV is characterized by 
low GRA density values, and these are caused by high-carbonate concentrations (see Geochemis- 
try) and lithology (see Lithostratigraphy; Figure F4). 

Some cores from Hole U1609B have abruptly higher/lower values compared to adjacent cores that 
are not seen at the equivalent depth in Hole U1609A (Figure F39); for example, GRA values step 
down by 0.1 g/cm3 from Core 401-U1609B-54X to Core 55X and step up by ~0.05 g/cm3 from 
Core 56X to Core 57X. Inspection of core images and X-ray scans shows that the cores with higher 
GRA values also have relatively thicker intervals of gravy (lightly fluidized sediment surrounding 
more coherent sediment biscuits) that fill the core liner, in contrast to the cores with lower GRA 
values, which tend to have open space between the core and core liner. For these reasons, MAD 
bulk density is preferred for characterizing large-scale trends because of compaction.

7.3. Natural gamma radiation
NGR fluctuates between 20 and 60 counts/s at Site U1609 (Figure F41). The four physical property 
and lithology units have significantly different characteristics of NGR values. In Unit I (0–344 m 
CSF-B), NGR values show a gradually decreasing trend with depth from approximately 40 
counts/s at the top to 30 counts/s at 340 m CSF-B (Figure F41). In Unit II (344–458 m CSF-B), 
NGR counts increase with depth, increasing more rapidly at the boundary and peaking at close to 
60 counts/s at the top of Unit III (458–531 m CSF-B) and thereafter decreasing throughout Units 
III and IV (531–610 m CSF-B) to ~20 count/s at the base of the hole. The high NGR at the top of 
Unit III is associated with low carbonate concentration and appears to match a peak in NGR from 
Expedition 397 Site U1586 (~100 km west of Site U1609) at 270 m CSF-B at ~8 Ma (Hodell et al., 
2023). The declining NGR in Units III and IV is associated with the increasing carbonate concen-
tration below 487 m CSF-B (see Calcium carbonate).

The three components of NGR (potassium, uranium, and thorium) were extracted from the NGR 
signals using the shipboard codes based on the method described by De Vleeschouwer et al. 
(2017). These components show similar patterns of long-term variations as total NGR, but the 
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amplitudes are different (Figure F41). The K, U, and Th components all peak in Unit III associated 
with low carbonate before decreasing in step with the increasing carbonate content at the base of 
the hole.

NGR counts also show clear cycles repeating every 0.5–3 m, depending on the sedimentation rate 
(Figure F41). These cycles are also visible in the MS and color reflectance data (Figures F39, F40). 
Variations in carbonate concentration also likely explain the cyclic variations in NGR, but the geo-
chemical measurements are available at lower resolutions than the physical properties data (see 
Calcium carbonate). In addition, several thin NGR peaks, mostly in Unit III, correlate to thin 
turbidite layers. Uranium and thorium peak in all turbidite layers (Figure F41B), but sometimes 
potassium shows no contribution to the NGR peak. The potassium response demonstrates differ-
ing source material for turbidites (see Lithostratigraphy). For example, potassium peaks with ura-
nium and thorium peaks correspond to turbidites with high glauconite content, which most likely 
is the cause of the NGR peaks (G in Figure F41B).

7.4. Spectrophotometry
Lightness (L*), green–red (a*), and blue–yellow (b*) color variation data sets for both Holes 
U1609A and U1609B display similar signal trends to the other measured physical properties. 
Color changes are relatively subtle both visually in the core and in the spectrophotometry values 
but are reproduced in the two holes. Like MS, GRA density, and NGR, color shows a remarkable 
high-frequency cyclicity with a wavelength of ~0.5–3 m. This broadly agrees with the Munsell 
color variation noted in Lithostratigraphy, which averages a color change every ~0.76 m (equiva-
lent to an average ~1.52 m cycle). These high-frequency variations are imposed on a few larger 
amplitude low-frequency oscillations (~16–40 m in wavelength). The L* record shows a similar 
but inverse pattern of highs and lows to that seen in the MS, GRA density, and NGR data sets 
(Figures F39, F40), whereas the a* and b* records show less long-term variability.

Color variations are relatively consistent between both holes, and shifting from APC to XCB cor-
ing does not appear to affect color (arrows in Figure F40). Sediments are relatively darker, redder, 
and yellower in the uppermost 20 m CSF-B of Hole U1609A; lighter, greener, and bluer from 20 to 
535 m CSF-B; and after a dark shift at the Unit II/III boundary, become progressively lighter and 
yellower from 535 to 610 m CSF-B.

In Unit I, only L* values appear to have secular variation in this unit, generally increasing with 
depth. The larger amplitude troughs in MS at ~120 and ~270 m CSF-B (Figures F39, F40) cor-
relate to peaks and troughs in the L* and a* data, respectively. This is less clear in the b* data at 
~120 m CSF-B, but at ~270 m CSF-B there does appear to be a small peak as well as a shift to lower 
amplitude cycles (Figure F40). The Unit I/II boundary (~345 m CSF-B) does not appear to cor-
relate to any distinct change in the L*, a*, and b* data, suggesting that the changes in NGR, MS, 
and GRA here are not associated with an obvious color change other than darkening (Figure F40).

In Unit II, both the L* and a* data show similar peak–trough patterns to that visible in the MS data, 
particularly in Hole U1609B. A more subtle response may be visible in the b* values as well. The 
Unit II/III boundary (~460 m CSF-B) is marked by a sharp decline in L* values that is also visible 
in the MS, GRA density, and NGR data sets (Figure F39) but is not evident in either the a* or b* 
data sets at this depth (Figure F40). This implies that although sediments become notably darker 
in the transition from Unit II to Unit III, there is no corresponding change in green, red, blue, or 
yellow colors.

The L* and b* values in Units III and IV become lighter and yellower with depth (Figure F40), 
mirroring the decrease in the MS, GRA density, and NGR data sets (Figure F39). These trends are 
associated with increasing carbonate concentrations (see Geochemistry). A more subtle trend 
toward redder a* values with depth is also visible.

7.5. Thermal conductivity
Thermal conductivity was measured in triplicate at one position per core using a half-space probe 
(H51033), mostly on Section 2 in Hole U1609A. The section used was modified if there were 
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cracks in Section 2 that prevented obtaining good measurements. Thermal conductivity values 
vary between 1.24 and 1.99 W/(m·K), generally increasing with depth (Figure F42). The lower-
most measurement at ~603 m CSF-B is an outlier (2.3 W/[m·K]). In the uppermost 200 m CSF-B 
(Cores 401-U1609A-1H through 22H), thermal conductivity is less variable (1.31–1.56 W/[m·K]), 
which is in the range obtained at nearby Expedition 339 Site U1391 (Expedition 339 Scientists, 
2013). Between ~200 and ~300 m CSF-B (Cores 401-U1609A-23H through 41X) the range is 
larger (1.24–1.75 W/[m·K]), and below 300 m CSF-B it increases to 1.36–1.99 W/(m·K). Thermal 
conductivity measurements broadly show the same trends as GRA density (Figure F42). The sub-
stantial offsets seen in the GRA density record associated with the change from APC to XCB cor-
ing are not seen in the thermal conductivity records; the coherent core pieces in the XCB cores are 
sufficiently large and undisturbed to provide good thermal conductivity measurements.

7.6. P-wave velocity
P-wave velocities were measured with the WRMSL (P-wave logger [PWL]) for Holes U1609A and 
U1609B (Figure F43). Highly scattered PWL values were obtained from the WRMSL for the sedi-
ments in Holes U1609A (90 to ~460 m CSF-B) and U1609B (235 to ~432 m CSF-B). The gap 
between the sediment and the core liner is likely the reason for the scattered P-wave values.
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Discrete P-wave velocities were measured on working halves using the caliper system (P-wave cal-
iper [PWC]). One or two measurements were conducted near the top and the bottom of each sec-
tion in Hole U1609A, depending on the integrity of the sediment and the corresponding 
lithologies. The PWC gave more coherent velocity values than the highly scattered PWL (Figure 
F43), although they exhibit slightly more scatter below Core 401-U1609A-65X (535 m CSF-B).

For Hole U1609A, P-wave velocity increases with depth (Figure F43). The highest values (1998 
m/s) are at ~589.96 m CSF-B, and the lowest values (1503 m/s) are at ~478.97 m CSF-B.

For Hole U1609B (Figure F43), the same PWC measurement strategy was applied on each section 
below Core 401-U1609B-33X (240 m CSF-B). Measurements were not conducted on all the sec-
tions in Hole U1609B because the P-wave results of previous cores obtained by the WRMSL 
appeared to be more stable (Figure F43). Generally, P-wave velocity values measured using the 
caliper lie between 1478 (434.15 m CSF-B) and 1825 m/s (471.61 m CSF-B), and the trend changes 
at around 430 m CSF-B. Both PWL and PWC velocity values underestimate the in situ velocity 
measured during downhole logging (see Downhole measurements).
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7.7. Moisture and density measurements
Water content, porosity, and wet and dry bulk densities are interdependent. Bulk density measure-
ments were taken for Hole U1609A. Bulk density values were calculated from moisture and vol-
ume measurements made on cylindrical discrete samples taken from the working halves. At least 
one sample per core was taken; however, the number of samples taken in each core varied depend-
ing on the lithology, recovery, and quality of the sediments. At least two samples were taken from 
each XCB core to check, at a slightly higher resolution, the reliability of the GRA density measured 
on the WRMSL (Figure F42). A total of 102 samples were taken for MAD measurements. MAD 
density values are lower than GRA values in APC and HLAPC cores but higher than the GRA 
densities deeper than 480 m CSF-B. Because GRA bulk density can be affected by the gaps 
between sediment and core liner or interior cracks and differences in core diameter, the MAD 
bulk density measurements are more reliable. For example, MAD densities show a downhole com-
paction trend, whereas GRA densities do not (Figure F42).

7.7.1. Bulk density, grain density, and porosity
MAD bulk density typically varies between 1.75 and 2.0 g/cm3 in Hole U1609A (Figure F42). An 
anomalously low bulk density of 1.75 g/cm3 was recorded at 270 m CSF-B because of the difficulty 
in finding a good sample in the uppermost XCB cores. MAD bulk density at 270 m CSF-B is higher 
than the GRA bulk density measured by the WRMSL.

Grain density typically varies between 2.65 and 2.81 g/cm3 in Hole U1609A (Figure F42). The low-
est grain density (2.65 g/cm3) was measured at 3.97 m CSF-B, and the highest grain density (2.81 
g/cm3) occurred at 165.55 m CSF-B. Generally, grain density decreases with depth.

Discrete porosity values range from ~56.6% at the base of Unit I (344 m CSF-B) to ~39.8% near the 
bottom of the hole (586.4 m CSF-B) (Figure F42). Porosity decreases with increasing depth. By 
comparing with the other physical properties in Hole U1609A, bulk density, grain density, and 
porosity all seem to correlate well with P-wave velocity and thermal conductivity.

8. Downhole measurements
Following coring in Hole U1609A, the hole was prepared for downhole logging (see Operations). 
On 23 December 2023, three tool strings were deployed in Hole U1609A: (1) a 34.05 m long triple 
combo, consisting of the Magnetic Susceptibility Sonde (MSS), High-Resolution Laterolog Array 
(HRLA), Hostile Environment Litho-Density Sonde (HLDS), Hostile Environment Natural 
Gamma Ray Sonde (HNGS), and the logging equipment head-pressure temperature (LEH-PT), 
which measure MS, electrical resistivity, density, natural gamma ray, and temperature, respec-
tively; (2) a 12.11 m VSI for the check shot survey consisting of VSI, Enhanced Digital Telemetry 
Cartridge (EDTC), and LEH-PT; and (3) a 28.3 m long sonic tool, consisting of the Dipole Sonic 
Imager (DSI), HNGS, EDTC, and LEH-PT. Immediately prior to downhole logging, an attempt 
was made to activate the heave compensator but without success because of a failure of the com-
pensator control computer that could not be replaced at short notice. Consequently, despite a ship 
heave of ~2.5 m over the course of the day, logging was undertaken without heave compensation.

The bottom of the borehole was reached at ~602 m wireline log depth below seafloor (WSF). The 
triple combo repeat and main runs started from the bottom of the borehole at 602 m WSF and 
logged up to ~504 m WSF and to the seafloor, respectively. The logged borehole mainly comprised 
calcareous muddy sediment with 1–5 m scale repeating cycles in NGR, MS, and density, superim-
posed on a compaction trend. The bottom 80 m are more carbonate rich than the overlying sedi-
ments (see Lithostratigraphy). These broad features can be seen in the downhole logs (Figure 
F44).

Attempts to record seismic shots from the air gun during the VSI run were successful only in the 
bottom, unwashed-out part of the hole where check shots were recorded at three depth stations 
(Figure F44). The far-field waveforms at the third, uppermost, station were not good quality and 
could not be used. Several other shot stations at shallower depths were attempted (e.g., 500, 250, 
200, 100, and 70 m WSF), but all the recorded waveforms were noisy because the borehole was 
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mostly wider than 15 inches and the geophone could not be coupled well to the borehole wall. 
When the VSI was raised back to the ship, the caliper arm of the tool was found to be broken, 
which could explain why it was not possible to clamp the hydrophone to the hole wall and obtain a 
good signal. The two check shots that yielded a clear first arrival time gave an interval velocity of 
2245 m/s for the depth interval between 557 and 602 m WSF.

The HLDS caliper revealed that except for the lowermost part of the hole, between 520 and 602 m 
WSF, the wall of the hole had very irregular width and was disturbed by washouts along most of its 
length (Figure F45). The caliper data also indicated the presence of several 1 m thick bridged sec-
tions with a diameter smaller than the bit size (9⅞ inches; e.g., ~199, 380, and 403 m WSF) (Figure 
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F45). The borehole appeared to be slightly inclined because the measured deviation yielded values 
that increase from ~3° at the seafloor up to ~9° at ~600 m WSF (Figure F45). 

Of the logging tools, only the HNGS gives formation data inside the drill pipe, and the gamma ray 
data collected is attenuated. The total spectra gamma ray (HSGR) logs show that the base of the 
pipe is at ~564.5 m WSF (Figure F45).

All of the downhole logs are probably affected to some extent by the borehole conditions. For 
example, resistivity log values range between ~1.5 and ~3.5 Ω/m and comprise higher amplitude 
oscillations in the washed-out part of the borehole than in the uppermost and lowermost parts of 
the hole where the condition of the borehole is better. The gamma ray (HSGR) and sonic P-wave 
velocity (VELP) logs are more robust to variations in hole width; these two logs show anomalous 
values only in proximity to the largest bridged sections within the borehole (Figure F45). HSGR 
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logs from both the triple combo and the sonic strings are shown in Figure F45. HSGR is corrected 
for hole diameter in the triple combo tool string but not in the sonic tool string, accounting for 
some of the differences between the two logs. The similarity of the two logs indicates that the 
quality of the data is good.

The sonic velocity log repeated reasonably well between the upward and downward passes of the 
logging tool (Figure F45) even though different frequencies were used (high frequency downward 
and medium frequency upward). The data are therefore considered to be robust and to reflect real 
formation properties. The P-wave velocity values increase with depth, ranging ~1600 m/s at 60 m 
WSF to 2250 m/s at 570 m WSF.

The MS log is also less affected by the borehole conditions than the resistivity and density data and 
shows long-term trends. The MS data collected during the two passes of the triple combo show 
broadly the same trends at the >5 m scale, but the absolute amplitudes differ especially in the 
uppermost 200 m WSF (Figure F45) because of incomplete MSS temperature drift correction at 
those depths (see Downhole measurements in the Expedition 401 methods chapter [Flecker et 
al., 2025a]).

The gamma ray, sonic, and MS downhole logs all show short repeating changes in value that may 
reflect astronomical cyclicities (Figure F45). However, the tool motion was irregular both as a 
result of the uncompensated heave and because of the roughness of the borehole walls. This lends 
uncertainty to the depth that the tool makes its measurement (shorter than the ~3 m scale), so it is 
difficult in some intervals to correlate cycle-for-cycle to the core physical properties data. Over 
longer depth intervals, the log and core data show similar patterns.

8.1. Downhole versus core logs

8.1.1. Gamma ray logs: HSGR versus NGR
Despite different measurement units, the gamma ray data from both the downhole and core data 
set logs appear to follow similar trends (Figure F44). At higher resolution, the gamma ray data sets 
are in phase except for a few intervals where there appears to be a phase shift varying from ~0.5 to 
3 m between the data sets (e.g., ~250 to ~254 m WSF). This could have a variety of causes, includ-
ing string pulls or different depth scales between the coring and the logging operations. The regu-
larity of the gamma ray data sets from the different runs, and their similarity to the core logs 
indicates that combining the gamma ray logs with other data should help determine the lithologies 
in intervals with low recovery.

8.1.2. Magnetic susceptibility logs: MSS versus WRMSL
Comparison of the MS downhole log curve with the data measured on the cores (WRMSL; Figure 
F44) shows features thicker than ~5 m along most of the length of the borehole in both data sets. 
There are two exceptions (~115–200 and ~425–485 m WSF) in which records appear to stay gen-
erally in phase but the amplitude of the downhole MS shifts to lower values compared to the core 
logs, which is probably caused by the incomplete temperature drift correction of the MSS mea-
surement.

8.1.3. Density logs: HLDS versus WRMSL and MAD
The density log (RHOM) data range ~1.1 to ~2 g/cm3 and are strongly impacted by the washouts 
in the borehole walls because the HLDS tool requires that the detector should be very close to the 
borehole wall. Comparison of the densities obtained from the downhole log and the densities mea-
sured on the cores (GRA and MAD bulk densities) (Figure F44) indicates that they are only similar 
in the topmost (~1.8 g/cm3) and bottommost (1.9 g/cm3) parts of the hole where no washouts 
and/or bridgings are present. The very low densities (<1.6 g/cm3) obtained in the downhole log 
coincide with washouts and do not reflect real formation measurements. Assuming the top and 
bottom of the downhole and core density logs do reflect the rock properties, the data suggest that 
density does not increase substantially with depth.
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8.1.4. Vertical seismic profile and sonic velocity versus PWL and PWC
Comparison between the sonic wireline log (VELP), PWL, and PWC shows similar P-wave velocity 
values ranging 1600–1700 m/s in the uppermost 200 m WSF of the hole. Below 200 m WSF, the 
sonic log continues to increase with depth, whereas PWC and PWL velocities remain unvaried 
to ~450 m WSF (Figure F44). This discrepancy is mainly because the measurements on the core 
are made after it has been recovered and expanded, resulting in an underestimate of the in situ 
velocities.

8.1.5. Core-downhole-seismic integration
Time-depth relationships are crucial for correlating seismic profiles to drill hole information. One 
important challenge for Expedition 401 is to establish the age and lithologic origin of the seismic 
reflections previously identified in seismic profiles covering the study area. At least three different 
data sets could be used to tie the recovered cores to the seismic units interpreted on the seismic 
profiles in Hole U1609A: (1) vertical seismic profile (VSP) check shot traveltimes, (2) traveltime 
derived from the sonic log, and (3) synthetic seismograms. Because the construction of synthetic 
seismograms needs sonic and density logs that are free from artifacts, we used the VSP check 
shots and sonic log for a preliminary core-downhole-seismic tie. Figure F46 shows the different 
time-depth relationships (TDRs) available from both core and downhole logs. Each of these result 
in a different tie. The TDR that we used to tie the Hole U1609A cores to Seismic Profile WPortu-
gal_XL5210 is the downhole sonic log calibrated to the bottommost check shot of the VSI. The 
obtained TDR yields values (2856 ms at 605 m WSF) that are slightly slower than the original sonic 
log (Figure F46). Another important correction that was made for the tie is the inclination of the 
borehole measured during the downhole triple combo run (Figure F44), which reached nonnegli-
gible values of ~9.5° in the bottommost part of Hole U1609A. The 270° azimuth along which the 
borehole is inclined is taken from the measured inclination and azimuth during the APC coring 
down to ~205 m WSF and assumes that the azimuth does not change much in the rest of the 
borehole.

The result of the tie with all these corrections is shown in Figure F47. The maximum penetration 
depth of the borehole reached a two-way traveltime depth of 2.85 s (Figure F47).

8.2. Downhole temperature measurements
During APC coring in Hole U1609A, the APCT-3 probe was used to measure in situ formation 
temperature at selected depths ~30 m apart while coring Cores 401-U1609A-4H, 7H, 10H, and 
13H (Table T20). The SET2 probe was deployed following Cores 401-U1609B-32F and 48X. Fig-
ure F48 shows for each deployment the intervals in the temperature records that were used to 
estimate formation temperature by finding a best fit for a theoretical model to the temperature 
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decay as a function of time (~10 min) as it recovers from the frictional heating generated when 
entering the formation.

The formation temperature results from Site U1609 are unusual because they decrease with depth, 
contrary to the expected geothermal temperature increase (Figure F49). All four APCT-3 mea-
surements were made with the same instrument, so they are likely to be reliable measurements. 
The SET2 measurement after Core 401-U1609B-32F did not yield a long enough equilibration to 
be reliable, but the measurement after Core 48X yielded a clean equilibration curve without 
jumps; the calibration data will be checked after the expedition. The lowest temperature during 
probe retrieval, a gauge of bottom water temperature, is a loose indication of quality—each 
deployment should detect a similar bottom water temperature: these values range 6.75°–7.5°C, 
close to the seafloor value of 6.9°C derived from the upward extrapolation of the APCT-3 results.

One possible explanation of the temperature profile is that a warmer water mass moved over the 
site, warming the seafloor and propagating that warmth conductively downward. Site U1609 sits 
under the lower part of relatively warm MOW, and colder Northeast Atlantic Deep Water lies only 
a few 100 m below in the present day (Ambar et al., 2002). The subsurface depth extent of the 
cooling trend implies that the seafloor warming started on the order of centuries to millennia ago. 
Other possible explanations include a subsurface tongue of cold pore water moving from the scarp 
~5 km west of Site U1609 or a calibration problem with the SET2 tool.
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Table T20. Downhole temperature data, Site U1609. Download table in CSV format.
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Figure F48. Downhole temperature records from four APCT-3 and two SET2 deployments showing equilibration curves 
and formation temperatures calculated from them, Site U1609. Calculated formation temperatures are on the right. Lowest 
temperature during retrieval, gauge of seafloor temperature, is also indicated.
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9. Stratigraphic correlation and age model
Stratigraphic correlation between the two holes using physical properties and downhole logging 
data suggest that many of the gaps encountered in Hole U1609A were recovered in Hole U1609B 
(Figure F50). We used the Correlator software to identify stratigraphic features (in NGR or MS) in 
laterally adjacent cores in Holes U1609A and U1609B. An affine tie was applied to move the fea-
ture in one hole to occur at the same depth as in the other hole, and so on, down the succession 
(Table T21). As a second step, core intervals from each hole that seemed to have the clearest stra-
tigraphy were spliced together to form a more complete stratigraphic succession than possible 
from each hole alone (Table T22; Figure F50). Several short gaps remain, but they are all <2 m. 
Only Hole U1609A covers the uppermost 70 m CSF-B and lowermost 100 m CSF-B of the hole, 
and larger gaps are found in those intervals. A 1 m gap was applied below each core in the upper-
most 70 m CSF-B of Hole U1609A to account for core expansion, but no a priori expansion was 
applied to cores below that; instead, the manual affine ties between Holes U1609A and U1609B 
account for core expansion. The affine and splice tables and corresponding plots presented here 
are from May 2024 and had been updated iteratively after the expedition based on new XRF scan-
ning data, mainly the XRF Ca/Ti elemental ratio, for Cores 401-U1609A-36F through 51X and 
401-U1609B-36X through 51X, which cover the MSC interval. The affine ties and splice are likely 
to be further refined during the postcruise phase. 

The depths of biostratigraphic events in each hole are offset by between a few centimeters to sev-
eral meters in others (see Biostratigraphy). There is good correspondence between foraminifer 
and nannofossil bioevents and the interpreted paleomagnetic chron boundaries for Holes U1609A 
and U1609B (Figure F51A), particularly between 100 and 500 m CSF-B. The overall trend suggests 
an increasing sedimentation rate with time, but it is not obvious if this is a gradational transition 
or occurs in a more step-like fashion. Calculating the sediment accumulation rate of each dataset 
(foraminifers, nannofossils, and magnetostratigraphy) separately helps to mask the potential for 
each age datum to act as an inflection point unrelated to real changes in accumulation rate (Figure 
F51A). These data for both Holes U1609A and U1609B indicate that there was a relatively con-
stant sedimentation rate between 3.2 and 6 Ma and between 8 and 9 Ma (Figure F51B) but that it 
increased between 8 and 6 Ma and declined after 3.2 Ma.

Because the physical properties records at Site U1609 show strong, regular cyclicity, one way to 
assess the time at which sedimentation rates changed is to measure cycle thickness to evaluate the 
depths at which cycle thicknesses change, assuming the likely case that the cycles were precession-
ally forced. Figure F51C illustrates the thickness of cycles observed in the MS data of Holes 
U1609A and U1609B (Table T23). Despite the scatter, these data show several abrupt changes at 
100 (3.2 Ma), 340 (6 Ma), 460 (7.6 Ma), and 510 m CSF-B (8.9 Ma). The latter three changes 
broadly correspond to the unit boundaries identified in the lithofacies and physical properties (see 
Lithostratigraphy and Physical properties).

Using changes in cycle thickness to define abrupt sedimentation rate changes allows the calcula-
tion of average cycle thickness and linear sedimentation rates between these boundaries (not 
shown), assuming a 21.7 ky duration for these likely precessional cycles. Additionally, as a cross-
check that the cycles are precessional, the bio- and magnetostratigraphically determined duration 
of each interval can then be used to predict the expected thickness of sedimentary cycles of a given 
precessional cyclicity. The calculated thickness of precessional cycles for each interval and each 
hole are plotted as vertical lines on Figure F51C. These have been calculated both from linear 
regression through all the magneto- and biostratigraphic data points in that interval and by calcu-
lating the sedimentation rate of the top and bottom age tie point for each interval (Tables T24, 
T25). In most cases, precessional thickness calculated from the sedimentation rates correspond 
well with the distribution of the cycle thickness measurements, suggesting that the dominant 
cyclicity visible in the sediments recovered at Site U1609 is precessional. However, the sedimenta-
tion rates calculated in Hole U1609A between 460 and 510 m CSF-B produce precessional cycle 
thickness that is visibly lower than the measured cycle thickness for this interval (0.4–0.5 m; Fig-
ure F51C). This is a consequence of the influence of the lowest age/depth events in this interval, 
which have the effect of reducing calculated sedimentation rate by both the regression and top-
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Figure F50. NGR and MS record, Holes U1609A (red) and U1609B (blue). Depth offsets for each core from original CSF-A 
depth scale were generated based on correlation of distinctive features in records between holes, as detailed in affine 
depth offsets table (Table T21). Splice intervals are detailed in Table T22. MS: gray dots = original two data sets (with anom-
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Table T21. Affine table, Site U1609. CCSF-A = core composite depth below seafloor, Method A. (Continued on next page.)
Download table in CSV format.

Core

Core top 
depth 

CSF-A (m)

Core top 
depth

CCSF (m)
Cumulative
offset (m)

Differential 
offset (m)

Growth
rate

Shift 
type

Data 
used

Reference 
core

Reference 
tie point 

CSF-A (m)

Shift 
tie point 

CSF-A (m)

401-U1609A-
1H 0.0 0.0 0.0 0.0 0.0 REL
2H 2.4 2.6 0.2 0.2 1.083 SET Lightness
3H 11.9 13.1 1.2 1.0 1.101 SET Lightness
4H 21.4 23.6 2.2 1.0 1.103 SET Lightness
5H 30.9 34.1 3.2 1.0 1.104 SET Lightness
6H 40.4 44.6 4.2 1.0 1.104 SET Lightness
7H 49.9 55.1 5.2 1.0 1.104 SET Lightness
8H 59.4 65.6 6.2 1.0 1.104 SET Lightness
9H 68.9 76.1 7.2 1.0 1.104 SET Lightness
10H 78.4 87.405 9.005 1.805 1.115 TIE MSP B2 81.114 79.539
11H 87.9 97.448 9.548 0.543 1.109 TIE B_star B3 90.733 88.816
12H 97.4 106.664 9.264  –0.284 1.095 REL Lightness .0
13H 106.9 116.538 9.638 0.374 1.09 TIE MSP B7 113.712 112.906
14H 116.4 126.153 9.753 0.115 1.084 TIE MSP B8 118.947 118.371
15H 125.9 135.308 9.408  –0.345 1.075 TIE MSP B10 128.135 129.041
16H 135.4 145.556 10.156 0.748 1.075 TIE MSP B12 136.78 138.549
17H 144.9 155.737 10.837 0.681 1.075 TIE MSP B13 143.587 145.175
18H 154.4 166.214 11.814 0.977 1.077 TIE MS_point B16 154.762 156.873
19H 163.9 177.082 13.182 1.368 1.08 TIE MS_point B18 165.12 166.363
20H 173.4 188.962 15.562 2.38 1.09 TIE MS_point B20 175.241 174.604
21H 182.9 198.429 15.529  –0.033 1.085 TIE Natural gamma B22 185.373 185.798
22H 192.4 209.755 17.355 1.826 1.09 TIE Lightness B24 194.303 193.276
23H 201.9 218.996 17.096  –0.259 1.085 TIE Susceptibility B26 204.032 204.264
24H 211.4 229.388 17.988 0.892 1.085 TIE Susceptibility B28 211.966 212.306
25H 220.9 239.952 19.052 1.064 1.086 TIE Susceptibility B30 221.676 221.452
27F 225.0 244.138 19.138 0.086 1.085 TIE Susceptibility B31 226.47 226.16
28F 229.8 248.938 19.138 0.0 1.083 SET B_star .0
30F 234.2 253.338 19.138 0.0 1.082 SET B_star .0
31F 238.9 258.987 20.087 0.949 1.084 TIE Lightness B33 241.909 241.427
32F 243.7 263.787 20.087 0.0 1.082 SET B_star .0
33F 248.4 269.318 20.918 0.831 1.084 TIE MS_point B34 251.43 249.859
34F 253.2 275.526 22.326 1.408 1.088 TIE MS_point B35 258.029 255.206
35F 257.9 279.46 21.56  –0.766 1.084 TIE MSP B35 261.395 259.338
36F 262.7 284.26 21.56 0.0 1.082 SET B_star .0
37F 266.2 289.717 23.517 1.957 1.088 TIE XRF_CaTi B36 271.871 268.576
38X 269.7 293.217 23.517 0.0 1.087 SET B_star .0
39X 274.7 295.577 20.877  –2.64 1.076 TIE Susceptibility B37 279.516 279.883
40X 280.2 303.577 23.377 2.5 1.083 SET B_star .0
41X 289.9 313.648 23.748 0.371 1.082 TIE XRF_CaTi B38 291.693 290.225
42X 299.6 325.569 25.969 2.221 1.087 TIE XRF_CaTi B39 301.334 300.529
43X 309.3 335.301 26.001 0.032 1.084 TIE XRF_CaTi B40 308.526 309.487
44X 319.0 345.932 26.932 0.931 1.084 TIE MSP B41 318.935 319.696
45X 328.7 355.555 26.855  –0.077 1.082 SET B_star .0
46X 338.4 365.213 26.813  –0.042 1.079 TIE MSP B43 338.076 338.611
47X 348.1 374.184 26.084  –0.729 1.075 TIE Natural gamma B44 347.02 349.857
48X 357.8 385.479 27.679 1.595 1.077 TIE XRF_CaTi B45 358.123 359
49X 367.5 395.179 27.679 0.0 1.075 SET B_star .0
50X 377.2 404.879 27.679 0.0 1.073 SET B_star .0
51X 386.9 414.579 27.679 0.0 1.072 SET B_star .0
52X 396.6 425.104 28.504 0.825 1.072 TIE MSP B49 398.491 396.916
53X 406.3 434.603 28.303  –0.201 1.07 TIE MS_point B50 407.207 407.48
54X 416.0 445.147 29.147 0.844 1.07 TIE Natural gamma B51 416.592 418.008
55X 425.7 457.033 31.333 2.186 1.074 TIE Natural gamma B53 428.838 428.146
56X 435.4 466.887 31.487 0.154 1.072 TIE Lightness B54 436.969 437.005
57X 445.1 476.395 31.295  –0.192 1.07 TIE Natural gamma B55 445.936 446.356
58X 454.8 486.67 31.87 0.575 1.07 TIE Lightness B56 456.56 459.09
59X 464.5 496.485 31.985 0.115 1.069 TIE Natural gamma B57 463.501 466.262
60X 474.2 507.604 33.404 1.419 1.07 TIE Lightness B58 477.124 479.194
61X 483.9 518.416 34.516 1.112 1.071 TIE Natural gamma B59 488.016 488.284
62X 493.6 528.116 34.516 0.0 1.07 SET B_star .0
63X 503.3 536.595 33.295  –1.221 1.066 TIE Natural gamma B61 506.142 507.077
64X 513.0 546.295 33.295 0.0 1.065 SET B_star .0
65X 522.7 555.995 33.295 0.0 1.064 SET B_star .0
66X 532.4 565.695 33.295 0.0 1.063 SET B_star .0
67X 542.1 575.395 33.295 0.0 1.061 SET B_star .0
68X 551.8 585.095 33.295 0.0 1.06 SET B_star .0
69X 561.5 594.795 33.295 0.0 1.059 SET B_star .0
70X 571.2 604.495 33.295 0.0 1.058 SET B_star .0
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71X 580.9 614.195 33.295 0.0 1.057 SET B_star .0
72X 590.6 623.895 33.295 0.0 1.056 SET B_star .0
73X 600.3 633.595 33.295 0.0 1.055 SET B_star .0

401-U1609B-0 .0 .0 .0 .0 .0
2H 72.6 80.03 7.43 0.0 1.102 TIE Natural gamma A9 76.64 76.41
3H 82.1 89.731 7.631 0.201 1.093 TIE Natural gamma A10 83.221 84.595
4H 91.6 99.812 8.212 0.581 1.09 TIE Susceptibility A11 94.694 96.03
5F 101.1 108.732 7.632  –0.58 1.075 TIE MSP A12 103.568 105.2
6F 105.9 114.732 8.832 1.2 1.083 SET Lightness .0
7F 110.6 119.432 8.832 0.0 1.08 SET Lightness .0
8F 115.4 124.577 9.177 0.345 1.08 TIE Lightness A13 115.322 115.783
9F 120.1 130.414 10.314 1.137 1.086 TIE MSP A14 121.061 120.5
10F 124.9 135.214 10.314 0.0 1.083 SET Lightness .0
11F 129.6 141.525 11.925 1.611 1.092 TIE MSP A15 132.624 130.107
12F 134.4 146.325 11.925 0.0 1.089 SET Lightness .0
13F 139.1 151.525 12.425 0.5 1.089 SET B_star .0
14F 143.9 156.665 12.765 0.34 1.089 TIE B_star A17 148.613 146.685
15F 148.6 162.025 13.425 0.66 1.09 SET B_star .0
16F 153.4 167.325 13.925 0.5 1.091 SET B_star .0
17F 158.1 172.525 14.425 0.5 1.091 SET B_star .0
18F 162.9 177.325 14.425 0.0 1.089 SET B_star .0
19F 167.6 182.525 14.925 0.5 1.089 SET B_star .0
20F 172.4 187.325 14.925 0.0 1.087 SET B_star .0
21F 177.1 192.554 15.454 0.529 1.087 REL Susceptibility .0
22F 181.9 197.854 15.954 0.5 1.088 SET B_star .0
23F 186.6 202.928 16.328 0.374 1.088 REL MSP .0
24F 191.4 207.728 16.328 0.0 1.085 SET B_star .0
25F 196.1 212.928 16.828 0.5 1.086 SET B_star .0
26F 200.9 218.228 17.328 0.5 1.086 SET B_star .0
27F 205.6 223.428 17.828 0.5 1.087 SET B_star .0
28F 210.4 228.728 18.328 0.5 1.087 SET B_star .0
29F 215.1 233.928 18.828 0.5 1.088 SET B_star .0
30F 219.9 238.728 18.828 0.0 1.086 SET B_star .0
31F 224.6 243.428 18.828 0.0 1.084 SET B_star .0
32F 229.4 248.688 19.288 0.46 1.084 TIE Susceptibility A28 231.941 231.791
33X 234.1 253.705 19.605 0.317 1.084 TIE Susceptibility A30 236.141 235.674
34X 243.8 263.147 19.347  –0.258 1.079 TIE Natural gamma A32 245.045 245.785
35X 253.5 273.003 19.503 0.156 1.077 TIE Natural gamma A33 252.704 254.119
36X 263.2 283.422 20.222 0.719 1.077 TIE Lightness A36 263.278 264.616
37X 272.9 294.144 21.244 1.022 1.078 TIE XRF_CaTi A38 272.215 274.488
38X 282.6 304.88 22.28 1.036 1.079 TIE Natural gamma A40 283.004 284.101
39X 292.3 317.464 25.164 2.884 1.086 TIE MSP A41 294.538 293.122
40X 302.0 328.962 26.962 1.798 1.089 TIE XRF_CaTi A42 306.151 305.158
41X 311.7 339.393 27.693 0.731 1.089 TIE Lightness A43 316.687 314.995
42X 321.4 348.633 27.233  –0.46 1.085 TIE MSP A44 324.701 324.4
43X 331.1 358.448 27.348 0.115 1.083 TIE XRF_CaTi A45 333.364 332.871
44X 340.8 369.721 28.921 1.573 1.085 TIE MSP A46 343.174 341.066
45X 350.5 379.056 28.556  –0.365 1.081 TIE MSP A47 355.015 352.543
46X 360.2 390.292 30.092 1.536 1.084 TIE Susceptibility A48 366.125 363.712
47X 369.9 397.116 27.216  –2.876 1.074 TIE Natural gamma A49 370.733 371.196
48X 379.6 406.893 27.293 0.077 1.072 TIE Lightness A50 383.628 384.014
49X 389.3 416.229 26.929  –0.364 1.069 TIE MSP A51 392.593 393.343
50X 399.0 427.576 28.576 1.647 1.072 TIE MS_point A52 400.693 400.621
51X 408.7 439.263 30.563 1.987 1.075 TIE Natural gamma A53 414.518 412.258
52X 418.4 449.347 30.947 0.384 1.074 TIE Natural gamma A54 421.843 420.043
53X 421.4 452.041 30.641  –0.306 1.073 TIE Natural gamma A54 425.103 423.609
54X 431.1 462.623 31.523 0.882 1.073 TIE Natural gamma A55 432.135 431.945
55X 440.8 472.515 31.715 0.192 1.072 TIE Natural gamma A56 442.981 442.753
56X 450.5 484.9 34.4 2.685 1.076 TIE Lightness A57 453.835 450.73
57X 460.2 494.946 34.746 0.346 1.076 TIE MSP A58 463.846 460.97
58X 469.9 505.374 35.474 0.728 1.075 TIE Natural gamma A59 473.663 470.174
59X 479.6 514.384 34.784  –0.69 1.073 TIE Natural gamma A60 482.186 480.806
60X 489.3 523.992 34.692  –0.092 1.071 TIE Natural gamma A61 490.755 490.579
61X 499.0 533.23 34.23 –0.462 1.069 TIE Natural gamma A62 500.615 500.901

Core

Core top 
depth 

CSF-A (m)

Core top 
depth

CCSF (m)
Cumulative
offset (m)

Differential 
offset (m)

Growth
rate

Shift 
type

Data 
used

Reference 
core

Reference 
tie point 

CSF-A (m)

Shift 
tie point 

CSF-A (m)

Table T21 (continued). 
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Table T22. Splice interval table, Site U1609. CCSF-A = core composite depth below seafloor, Method A. (Continued on next 
page.) Download table in CSV format.

Core
Top 

section
Top 

offset

Top 
depth
CSF-A

Top 
depth

CCSF-A
Bottom
section

Bottom 
offset

Bottom 
depth 
CSF-A

Bottom
depth 

CCSF-A Splice type Data used

401-U1609A-
1H 1 0 0 0 2 68 2.18 2.18 APPEND Natural gamma
2H 1 0 2.4 2.6 7 84 12.25 12.45 APPEND Natural gamma
3H 1 0 11.9 13.1 7 67 21.36 22.56 APPEND Natural gamma
4H 1 0 21.4 23.6 7 96 31.17 33.37 APPEND Natural gamma
5H 1 0 30.9 34.1 7 72 40.4 43.6 APPEND Natural gamma
6H 1 0 40.4 44.6 7 93 50.12 54.32 APPEND Natural gamma
7H 1 0 49.9 55.1 7 98 59.65 64.85 APPEND Natural gamma
8H 1 0 59.4 65.6 7 94 69.09 75.29 APPEND Natural gamma
9H 1 0 68.9 76.1 6 122.4 77.424 84.624 TIE Natural gamma
10H 2 22.1 80.081 89.086 4 78.2 83.562 92.567 TIE Natural gamma
11H 2 62.3 89.983 99.531 7 52 97.06 106.608 APPEND Natural gamma
12H 1 0.0 97.4 106.664 6 65 105.4 114.664 APPEND Natural gamma
13H 3 12.4 109.784 119.422 7 7.1 115.221 124.859 TIE Natural gamma
14H 2 120.2 119.062 128.815 4 97.2 121.752 131.505 TIE Natural gamma
15H 3 15.4 128.964 138.372 6 41.9 133.589 142.997 TIE Natural gamma
17H 1 52.8 145.428 156.265 5 92 151.23 162.067 TIE Natural gamma
18H 1 17.2 154.572 166.386 2 17.8 156.038 167.852 TIE Natural gamma
19H 1 0.0 163.9 177.082 2 79.9 166.159 179.341 TIE Natural gamma
25H 2 4.9 222.409 241.461 3 55 224.22 243.272 APPEND Natural gamma
27F 3 60.6 228.526 247.664 4 80 229.73 248.868 TIE Natural gamma
28F 2 127.5 232.545 251.683 3 117 233.9 253.038 APPEND Natural gamma
30F 1 0.0 234.2 253.338 1 94.5 235.145 254.283 TIE Natural gamma
41X 1 89.2 290.792 314.54 3 138 294.16 317.908 TIE Natural gamma
42X 1 60.3 300.203 326.172 7 57 308.96 334.929 APPEND Natural gamma
43X 1 0.0 309.3 335.301 6 44.7 317.277 343.278 TIE Natural gamma
44X 1 129.1 320.291 347.223 7 60 328.56 355.492 APPEND Natural gamma
45X 1 0.0 328.7 355.555 3 1.5 331.675 358.53 TIE Natural gamma
46X 1 48.5 338.885 365.698 4 27.1 343.141 369.954 TIE Natural gamma
47X 2 136.7 350.987 377.071 6 58.9 356.189 382.273 TIE Natural gamma
48X 1 129.2 359.092 386.771 5 0.4 363.764 391.443 TIE Natural gamma
49X 1 19.2 367.692 395.371 7 64 377.09 404.769 APPEND Natural gamma
50X 1 0.0 377.2 404.879 7 116 386.7 414.379 APPEND Natural gamma
51X 1 0.0 386.9 414.579 6 22.6 394.446 422.125 TIE Natural gamma
52X 2 8.5 397.205 425.709 3 131.6 399.936 428.44 TIE Natural gamma
53X 2 28.3 408.043 436.346 7 72 415.55 443.853 TIE Natural gamma
54X 3 61.6 419.546 448.693 6 75.6 424.086 453.233 TIE Natural gamma
55X 3 26.4 428.944 460.277 6 144.8 434.558 465.891 TIE Natural gamma
56X 3 3.4 438.424 469.911 7 7.4 444.424 475.911 TIE Natural gamma
57X 2 2.6 446.586 477.881 7 64 454.16 485.455 TIE Natural gamma
59X 4 110.5 470.075 502.06 7 59 473.99 505.975 TIE Natural gamma
60X 5 29.3 480.423 513.827 6 145 483.08 516.484 TIE Natural gamma
61X 3 65.9 487.539 522.055 7 31.7 492.917 527.433 TIE Natural gamma
62X 1 128.6 494.886 529.402 5 142.8 500.888 535.404 TIE Natural gamma
63X 4 72.5 508.395 541.69 7 74 512.81 546.105 APPEND Natural gamma
64X 1 0.0 513 546.295 7 82 522.51 555.805 APPEND Natural gamma
65X 1 0.0 522.7 555.995 7 70 532.21 565.505 APPEND Natural gamma
66X 1 0.0 532.4 565.695 7 68 541.87 575.165 APPEND Natural gamma
67X 1 0.0 542.1 575.395 6 147 551.03 584.325 APPEND Natural gamma
68X 1 0.0 551.8 585.095 6 63 559.88 593.175 APPEND Natural gamma
69X 1 0.0 561.5 594.795 6 52 569.42 602.715 APPEND Natural gamma
70X 1 0.0 571.2 604.495 7 53 580.24 613.535 APPEND Natural gamma
71X 1 0.0 580.9 614.195 7 54 590.15 623.445 APPEND Natural gamma
72X 1 0.0 590.6 623.895 5 53 596.94 630.235 APPEND Natural gamma

401-U1609B- .0
73X 1 0.0 600.3 633.595 6 144 609.01 642.305 APPEND Natural gamma
2H 4 18.4 77.194 84.624 7 32.6 81.656 89.086 TIE Natural gamma
3H 2 137.6 84.936 92.567 7 98 91.9 99.531 TIE Natural gamma
6F 1 0.0 105.9 114.732 4 54 110.59 119.422 TIE Natural gamma
8F 1 28.2 115.682 124.859 3 131.8 119.638 128.815 TIE Natural gamma
9F 1 109.1 121.191 131.505 4 55 124.86 135.174 APPEND Natural gamma
10F 1 0.0 124.9 135.214 3 22.8 128.058 138.372 TIE Natural gamma
11F 2 1.2 131.072 142.997 4 53 134.38 146.305 APPEND Natural gamma
12F 1 0.0 134.4 146.325 4 54 139.22 151.145 APPEND Natural gamma
13F 1 0.0 139.1 151.525 4 54 143.84 156.265 TIE Natural gamma
15F 1 4.2 148.642 162.067 4 41.1 152.961 166.386 TIE Natural gamma
16F 1 52.7 153.927 167.852 4 82.0 158.17 172.095 APPEND Natural gamma
17F 1 0.0 158.1 172.525 4 111.0 162.34 176.765 APPEND Natural gamma
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18F 2 55.6 164.916 179.341 4 77.0 167.64 182.065 APPEND Natural gamma
19F 1 0.0 167.6 182.525 3 135.0 171.97 186.895 APPEND Natural gamma
20F 1 0.0 172.4 187.325 4 65.0 177.11 192.035 APPEND Natural gamma
21F 1 0.0 177.1 192.554 4 63.0 181.97 197.424 APPEND Natural gamma
22F 1 0.0 181.9 197.854 3 151.0 186.33 202.284 APPEND Natural gamma
23F 1 0.0 186.6 202.928 3 113.0 190.66 206.988 APPEND Natural gamma
24F 1 0.0 191.4 207.728 4 61.0 196.23 212.558 APPEND Natural gamma
25F 1 0.0 196.1 212.928 4 56.0 200.68 217.508 APPEND Natural gamma
26F 1 0.0 200.9 218.228 4 53.0 205.47 222.798 APPEND Natural gamma
27F 1 0.0 205.6 223.428 4 54.0 210.35 228.178 APPEND Natural gamma
28F 1 0.0 210.4 228.728 2 135.0 213.21 231.538 APPEND Natural gamma
29F 1 0.0 215.1 233.928 3 110.0 219.12 237.948 APPEND Natural gamma
30F 1 0.0 219.9 238.728 3 11.3 222.633 241.461 TIE Natural gamma
31F 1 0.0 224.6 243.428 3 129.6 228.836 247.664 TIE Natural gamma
32F 1 18.0 229.58 248.868 3 7.5 232.395 251.683 TIE Natural gamma
33X 1 57.8 234.678 254.283 7 55.3 243.573 263.178 APPEND Natural gamma
34X 1 3.2 243.832 263.179 6 86.0 251.71 271.057 APPEND Natural gamma
35X 1 0.0 253.5 273.003 7 83.0 263.05 282.553 APPEND Natural gamma
36X 1 0.0 263.2 283.422 7 76.0 272.74 292.962 APPEND Natural gamma
37X 1 0.0 272.9 294.144 7 79.0 282.49 303.734 APPEND Natural gamma
38X 1 0.0 282.6 304.88 7 76.0 292.26 314.54 TIE Natural gamma
39X 1 44.4 292.744 317.908 6 137.8 301.008 326.172 TIE Natural gamma
41X 3 95.5 315.585 343.278 6 66.0 319.53 347.223 TIE Natural gamma
43X 1 8.2 331.182 358.53 5 129.0 338.35 365.698 TIE Natural gamma
44X 1 23.3 341.033 369.954 5 138.0 348.15 377.071 TIE Natural gamma
45X 3 24.7 353.717 382.273 6 26.5 358.215 386.771 TIE Natural gamma
46X 1 115.1 361.351 391.443 4 61.9 365.279 395.371 TIE Natural gamma
49X 5 4.6 395.196 422.125 7 70.0 398.78 425.709 TIE Natural gamma
50X 1 86.4 399.864 428.44 6 142.0 407.77 436.346 TIE Natural gamma
51X 4 29.0 413.29 443.853 7 129.0 418.13 448.693 TIE Natural gamma
53X 1 119.2 422.592 453.233 6 91.6 429.636 460.277 TIE Natural gamma
54X 3 35.8 434.368 465.891 5 144.8 438.388 469.911 TIE Natural gamma
55X 3 43.6 444.196 475.911 4 92.6 446.166 477.881 TIE Natural gamma
56X 1 55.5 451.055 485.455 7 59.0 459.98 494.38 APPEND Natural gamma
57X 1 0.0 460.2 494.946 5 117.4 467.314 502.06 TIE Natural gamma
58X 1 60.1 470.501 505.975 6 108.3 478.353 513.827 TIE Natural gamma
59X 2 62.0 481.7 516.484 6 28.1 487.271 522.055 TIE Natural gamma
60X 3 49.1 492.741 527.433 4 98.0 494.71 529.402 TIE Natural gamma
61X 2 73.4 501.174 535.404 6 113.0 507.46 541.69 TIE Natural gamma

Core
Top 

section
Top 

offset

Top 
depth
CSF-A

Top 
depth

CCSF-A
Bottom
section

Bottom 
offset

Bottom 
depth 
CSF-A

Bottom
depth 

CCSF-A Splice type Data used

bottom tie point methods (Table T22). It is likely that the sedimentation rate over this interval as 
a whole is reflected more accurately by the cycle thickness than the calculated rates. However, 
there may be an abrupt reduction in cycle thickness at around 500 m CSF-B, perhaps correspond-
ing to a condensed interval. There is insufficient thickness data in Hole U1609A to test this, but 
the data from right at the bottom of Hole U1609B does support an abrupt reduction in cycle thick-
ness at the same depth (Figure F51C).

Table T22 (continued). 
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Figure F51. A. Age model tie points, Holes U1609A (blue) and U1609B (orange). B. Sedimentation accumulation rates for 
each data set. C. Cycle thickness.

Table T23. Top and bottom depth and calculated thickness of cycles measured in MS data, Site U1609. Download table in 
CSV format.
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Table T24. Sedimentation rate calculations for intervals bounded by abrupt changes in cycle thickness, Hole U1609A. See Figure F51C. LO = lowest occurrence, LrO = 
lowest regular occurrence, LcO= lowest common occurrence, HO = highest occurrence, S/D = sinistral to dextral change in coiling. Rates are calculated both from the 
linear regression through all age tie point data in that interval and from a sedimentation rate using the upper and lowermost tie points in each interval. The thickness 
of a 21.7 ky precession cycle is calculated for each sedimentation rate for comparison with the cycle thickness measured in Table T21. An Excel spreadsheet illustrating 
the regression plots for the data from both Holes U1609A and U1609B is available in AGEMODEL in Supplementary material. (Continued on next page.) Download 
table in CSV format.

Event
Depth 

(m)
Age 
(Ma)

Cycle 
thickness 

groups (m)

Interval
thickness 

(m)

Interval 
duration 

(My)

Interval 
sedimentation

rate (m/My)

Calculated cycle
thickness

(m)

Regression-derived 
precession thickness 

(m)

401-U1609A-
LO Large Gephyrocapsa 2.47 1.59
HO Calcidiscus macintyrei 6.30 1.6

<100 86.32 1.6 53.95 1.17 1.21

LO Globorotalia inflata 54.65 2.09
HO Globorotalia puncticulata 54.65 2.41
HO D. surculus 50.20 2.53
HO D. tamalis 83.13 2.76
HO Sphaeroidinellopsis seminulina 92.62 3.19
Reappearance Globorotalia puncticulata 101.51 3.31

100–340 223.09 2.51 88.88 1.93 1.96

Disappearance Globorotalia puncticulata 119.58 3.57
C2An.3n 127.00 3.6
HO Sphenolithus spp. 138.22 3.61
LO D. tamalis 155.94 3.8
HO Globorotalia margaritae 155.94 3.81
HO R. pseudoumbilicus 164.40 3.82
C2Ar 176.00 4.19
C3n.1n (Cochiti) 192.00 4.3
C3n.1r 213.00 4.49
HO A. primus 210.62 4.5
LO Globorotalia puncticulata 209.22 4.52
C3n.2n (Nunivak) 226.00 4.63
C3n.2r 223.00 4.8
C3n.1n (Sidufjall) 250.00 4.9
C3n.3r 258.00 5.0
HO C. acutus/ O. rugosus 267.92 5.04
C3n.1n (Thvera) 280.00 5.23
Top Globorotalia margaritae Acme 319.62 5.55
Bottom Globorotalia margaritae Acme 324.60 5.82
HO R. rotaria 341.08 5.94

340–460 108.72 1.84 59.09 1.28 1.39

HO N. amplificus 350.80 5.98
LrO of Globorotalia margaritae 350.81 6.0
C3r 348.00 6.02
C3An.1n 366.00 6.27
S/D coiling change of Neogloboquadrina incompta 373.74 6.38
LO N. amplificus 382.05 6.82
LO R. rotaria 411.07 6.91
C3Ar 418.00 7.1
HO absence R. pseudoumbilicus 430.55 7.1
C3Bn 426.00 7.21
LcO Globorotalia miotumida 435.38 7.24
LcO Globorotalia menardii 5 443.81 7.36
LO A. primus 437.39 7.45
HcO Globorotalia menardii 4 450.80 7.51
HO M. convallis 449.80 7.78
C4n.2n 491.00 8.13

460–510 16.79 0.7 23.99 0.52 0.43

C4r.1r 497.00 8.26
C4r.1n 499.00 8.3
C4r.2r 514.00 8.77
LO absence R. pseudoumbilicus 498.06 8.8
LO Globigerinoides obliquus extremus 507.79 8.83
HO Globorotalia lenguaensis 517.85 9.0

510– 604 75.95 2.19 34.68 0.75 0.59

C4An 522.00 9.11
C4Ar.1r 531.00 9.31
C4Ar.1n 537.00 9.43
C4Ar.2r 551.00 9.65
C4Ar.2n 555.00 9.72
C4Ar.3r 561.00 9.79
C5n.1n 533.00 9.94
LO D. bellus gr. 543.71 10.64
LO C. calyculus 555.83 10.8
HO C. miopelagicus 593.77 11.04
HO Paragloborotalia siakensis 593.80 11.19

.0.0 .0.0 .0.0.0.0.0.0
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Table T25. Sedimentation rate calculations for intervals bounded by abrupt changes in cycle thickness, Hole U1609B. See Figure F51C. LO = lowest occurrence, LcO =
lowest common occurrence, HO = highest occurrence, HcO= highest common occurrence, S/D = sinistral to dextral change in coiling. Rates are calculated both from
the linear regression through all the data in that interval and from a sedimentation rate using the upper and lowermost tie points in each interval. The thickness of a
21.7 ky precession cycle is calculated for each sedimentation rate for comparison with the cycle thickness measured in Table T21. An excel spreadsheet illustrating the
regression plots for the data from both Holes U1609A and U1609B is available in AGEMODEL in Supplementary material. Download table in CSV format.

Events

Event 
depth 

(CSF-B) Age Type

Cycle 
thickness 

groups (m)

Interval 
thickness 

(m)

Interval 
duration

(My)

Interval 
sed rate
(m/My)

Calculated 
cycle thickness 

(m)

Regression-derived 
precession thickness

(m)

401-U1609B-
C2An.2n 82.00 3.21 Pmag

<100 13.00 0.12 108.33 2.35
C2An.2r 95.00 3.33 Pmag
C2An.3n 125.00 3.60 Pmag

100–340 155.00 1.63 95.09 2.06 2.04

C2Ar 178.00 4.19 Pmag
C3n.1n (Cochiti) 191.00 4.30 Pmag
C3n.1r 210.00 4.49 Pmag
HO Amaurolithus primus 202.95 4.5 Nanno
LO Globorotalia puncticulata 209.26 4.52 Foram
C3n.2n (Nunivak) 220.00 4.63 Pmag
C3n.2r 234.00 4.80 Pmag
C3n.1n (Sidufjall) 240.00 4.90 Pmag
C3n.3r 258.00 5.00 Pmag
C3n.1n (Thvera) 280.00 5.23 Pmag
C3r 347.00 6.02 Pmag

340–460 108.00 1.48 72.97 1.58 1.36

HO Reticulofenestra rotaria 363.16 5.94 Nanno
C3An.1n 367.00 6.27 Pmag
HO Nicklithus amplificus 369.85 5.98 Nanno
S/D coiling change of Neogloboquadrina incompta 374.38 6.38 Foram
C3An.1r 381.00 6.39 Pmag
C3An.2n 405.00 6.73 Pmag
C3Ar 420.00 7.1 Pmag
C3Bn 433.00 7.21 Pmag
LO Reticulofenestra rotaria 433.75 6.91 Nanno
LcO Globorotalia miotumida 436.63 7.24 Foram
C3Br.1r 437.00 7.26 Pmag
C3Br.1n 439.00 7.31 Pmag
HO absence Reticulofenestra pseudoumbilicus 439.40 7.1 Nanno
Sin/dex coiling change Globorotalia scitula Event A Sierro et al. 1993 439.43 7.28 Foram
LO Amaurolithus primus 441.43 7.45 Nanno
LcO Globorotalia menardii 5 443.54 7.36 Foram
C3Br.2r 452.00 7.46 Pmag
C3Br.2n 455.00 7.5 Pmag
HcO Globorotalia menardii 4 462.95 7.51 Foram

460–510 38.47 1.17 32.83 0.71 0.86

C3Br.3r 462.00 7.54 Pmag
C4n.1n 465.00 7.65 Pmag
C4n.1r 470.00 7.70 Pmag
HO Minylitha convallis 472.62 7.78 Nanno
C4n.2n 494.00 8.13 Pmag
C4r.1r 504.00 8.26 Pmag
C4r.1n 506.00 8.30 Pmag
LO absence Reticulofenestra pseudoumbilicus 501.42 8.8 Nanno

401-U1609A- bioevents only with no pmag at the bottom of the hole (Unit IV)
HO Globorotalia lenguaensis 517.85 9.0

510–604 75.95 2.19 34.68 0.75 0.70
LO D. bellus gr. 543.71 10.64
LO C. calyculus 555.83 10.8
HO C. miopelagicus 593.77 11.04
HO Paragloborotalia siakensis 593.80 11.19

.0 .0

Event
Depth 

(m)
Age 
(Ma)

Cycle 
thickness 

groups (m)

Interval
thickness 

(m)

Interval 
duration 

(My)

Interval 
sedimentation

rate (m/My)

Calculated cycle
thickness

(m)

Regression-derived 
precession thickness 

(m)

Table T24 (continued). 
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