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1. Background and objectives
Site U1610 is the Expedition 401 Atlantic site closest to the Gibraltar Strait and by extension to the 
Mediterranean–Atlantic gateway during the Late Miocene (Figure F1). It is located at 556.3 
meters below sea level (mbsl) in the Gulf of Cádiz (36°41.9812′N, 7°25.8844′W). The aim of drill-
ing at Site U1610 was to provide a proximal record for the proximal–distal transect along the path 
of the Mediterranean overflow plume (Figure F2) during the Late Miocene and Early Pliocene.

Identifying an appropriate location for this site was challenging. There is considerable uncertainty 
about exactly when the different Mediterranean–Atlantic gateways opened and closed during the 
Late Miocene (Krijgsman et al., 2018), so a proximal Mediterranean overflow plume target needed 
to be positioned in a location that would capture a record of Mediterranean overflow wherever it 
was coming from, throughout the 8–4 Ma interval of interest (Figure F3). The Miocene target 
interval also needed to be sufficiently shallowly buried (<1700 m) and in deep enough water to be 
accessible to the R/V JOIDES Resolution drilling capability. However, the Pliocene–Pleistocene 
succession in the Gulf of Cádiz derives from both more recent Mediterranean overflow and sub-
stantial clastic deposition from mainland Spain and Portugal (Ledesma, 2000; Ng et al., 2021b). 

Figure F1. Map of Mediterranean–Atlantic gateway at Gibraltar. Red dots = Expedition 401 Site U1610 in Gulf of Cádiz and 
Site U1611 in Alborán Sea, blue dots = Expedition 339 sites, yellow dot = Ocean Drilling Program Site 976, green dot = Deep 
Sea Drilling Project Site 121 in Alborán Sea.
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Much of this is the progradational extension of sediment funneled down the northeast–southwest 
oriented Guadalquivir Basin (Ng et al., 2022), which exploits the ancestral Betic Corridor (Figure 
F3), through which Mediterranean–Atlantic exchange occurred during the Tortonian (Krijgsman 
et al., 2018). The Pliocene–Pleistocene cover is therefore both thick and has progressively filled 

Figure F2. Present-day water mass circulation patterns on either side of Gibraltar Strait in relation to main topographic 
features and Expedition 401 sites. AMW = Atlantic Mediterranean Water.
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much of the offshore accommodation space, burying the Late Miocene relatively deeply while also 
making the Gulf of Cádiz relatively shallow water. Finally, for safety reasons, all potential Interna-
tional Ocean Discovery Program (IODP) sites need to be in locations where hydrocarbon accumu-
lations are demonstrably absent, which was also challenging for this location. As a result of all 
these issues, there was very little choice about the location of Site U1610.

At Site U1610, the Messinian–Tortonian interval has a target depth of 1460 m. The velocity-depth 
conversion used for the Pliocene–Pleistocene succession at Site U1610 was derived from adjacent 
Integrated Ocean Drilling Program Expedition 339 Sites U1386 and U1387 (Expedition 339 Scien-
tists, 2013a), which lie ~20 km northeast (Figure F4). This suggested that the Pliocene–Pleistocene 
succession at Site U1610 was ~750 m thick. The drilling strategy adopted was not to core the Pleis-
tocene and the top of the Pliocene but to save time by washing down and casing the hole down to 
550 m.

Ng et al. (2022) studied the seismic profiles of the Deep Algarve Basin, including the line on which 
Site U1610 is located (Figure F4). Based on regional correlations to Expedition 339 sites and 
industry wells (Figure F4), they divided the Late Miocene sequence into four distinct stages (Figure
F5), charting the progradation of a submarine fan system sourced from the Guadalquivir Basin. At 
Site U1610, this results in an upward transition from distal submarine lobes (low-amplitude unit 
below 2 s two-way traveltime [TWT]; Figure F6) to more proximal, coarser grained (higher ampli-
tude) submarine lobes. This is then overlain by the Pliocene–Quaternary contouritic drift 
sequence that dominates the Gulf of Cádiz (Hernández-Molina et al., 2003, 2014a; van der Schee 
et al., 2016).

The upper part of the Late Miocene target interval on the seismic line (Figure F6) was identified as 
a Messinian Transparent Unit (MTU; figure F12 in Flecker et al., 2023). During Expedition 339, 
the top of this unit was drilled at Site U1387 and hemipelagic sediments were recovered (Expedi-
tion 339 Scientists, 2013a) that have been interpreted to be of latest Miocene age (van der Schee et 
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al., 2016). This is consistent with the interpretation of this interval regionally as a fine-grained 
succession (e.g., Ng et al., 2022). Beneath this is a channel fill succession described by Ng et al. 
(2022) as a series of migrating reflectors, below which is an unconformity and a succession of dip-
ping bright reflectors underlain by a package of parallel-bedded, lower amplitude reflectors (Fig-
ure F6) thought to be of Tortonian age (Ng et al., 2022). Close to the bottom of the target at around 
2.1 s TWT is a wedge-shaped unit that appears to be the extension of a chaotic unit. This is 
thought to be an olistostrome (Figure F6) (Torelli et al., 1997; Maldonado et al., 1999; Medialdea et 
al., 2004).

To minimize the time spent coring the Pliocene–Pleistocene interval that had already been recov-
ered close by at Sites U1386 and U1387 (Expedition 339 Scientists 2013a), Expedition 401 planned 
to wash down to 550 m, which was assumed to be just above the 4.52 Ma bioevent (see Biostratig-
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Figure F5. Schematic 4-stage evolutionary block model of eastern Deep Algarve Basin based on seismic interpretation and 
correlation with industry wells and Expedition 339 sites, Site U1610. A. Stage I distal submarine lobes. B. Stage II more prox-
imal submarine lobes. C. Stage III migrating channel fill. D. Stage IV hemipelagic drape. Figure modified after Ng et al. 
(2022). MTD = mass transport deposits. AUGC = Allochthonous Unit of the Gulf of Cádiz.
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raphy). The hole would then be cased to increase stability and improve the chances of successful 
coring and logging. The aim was to reach sediment older than 8 Ma, which was assumed to be just 
below the chaotic olistostrome interval (Figure F6).

1.1. Objectives
The major objective for Site U1610 was to recover an 8–4 Ma succession that records the proximal 
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 in turn may have 
consequences for global climate change (Krijgsman et al., 2024). In combination with other Expe-
dition 401 Atlantic sites, the record from Site U1610 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
Site U1610 consists of one hole, U1610A, from which 751.2 m of sediment was collected over a 
933.5 m cored interval (80.5% recovery). The uppermost 501.9 m of the hole was cased to prevent 
caving and make it easier to flush cuttings out of the borehole, with the aim of increasing the 
chances of coring and logging successfully to the target depth of 1460 meters below seafloor 
(mbsf). The Pleistocene and Late Pliocene stratigraphy, which was not recovered in the uppermost
501 m at Site U1610, is already known from nearby Expedition 339 Site U1387, located ~27 km 
west-northwest.

2.1. Hole U1610A
The ship completed the 122 nmi voyage to Site U1610 (36°41.9812′N, 7°25.8844′W) at an average 
speed of 11.5 kt, arriving at 1010 h on 28 December 2023. The hydraulic release tool (HRT) casing 
was prepared, consisting of the HRT assembly, HRT base, and 498 m of 10¾ inch casing (Figure 
F7). The rig team then made up the bottom-hole assembly (BHA), including the bit, underreamer 
bit, and mud motor. The BHA and drill pipe were lowered through the casing until the bit and 
underreamer extended below the casing by 3 m. The HRT running tool was attached to the casing, 
and the funnel was welded on; the entire casing system was then lowered through the moonpool, 
and the ship was positioned over the hole coordinates.

Hole U1610A started at 1200 h on 29 December when the seafloor was tagged at 561.7 mbsl. The 
casing system was drilled in until it reached 480 mbsf at 1700 h on 30 December, when the subsea 
camera was deployed to observe the funnel’s approach to the seafloor. The base landed on the 
seafloor with the casing shoe at 501.9 mbsf. After the casing was released, the bit was raised, clear-
ing the seafloor at 2215 h and clearing the rotary table at 0302 h on 31 December, completing 
casing operations.

We elected to start coring in Hole U1610A with the extended core barrel (XCB) coring system 
because it had recovered good quality cores at equivalent depths in Hole U1609A. The nonmag-
netic drill collar was left out of the assembly to improve the robustness of the BHA, and a lockable 
float valve was included for potential downhole logging.

Hole U1610A was reentered at 0940 h, and during this process the depth to seafloor was found to 
be 556.3 mbsl, identical to the precision depth recorder reading but shallower than the previous 
estimate of 561.7 mbsl. The bit was lowered to the base of the hole (505.2 mbsf ), and the first 
science activity at the site was to run the Sediment Temperature 2 (SET2) tool. At 1430 h, we 
started coring Core 2X and continued into the new year.
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At 0100 h on 3 January 2024 with Core 401-U1610A-26X at 738.0 mbsf, we started a more rigor-
ous headspace gas sampling protocol for the depth interval 724–960 mbsf at this site, following the 
recommendation by the IODP Environmental Protection and Safety Panel and the Texas A&M 
University Safety Panel. The headspace gas results from each core were analyzed before advancing 
the bit to collect the next core. This protocol was in effect because a detailed preexpedition analy-
sis of 3D seismic data showed that there is a nonzero but very low risk of finding gas at the Site 
U1610 location. Headspace gas results from all XCB cores were found to be in the normal (safe) 
range of methane/ethane ratios and absolute methane values. Void space gas sampling was also 
performed, opportunistically sampling visible air pockets through the core liner above, within, and 
below the special protocol zone. The results showed methane/ethane results are comparable to 
headspace and useful because they are analyzed immediately and available sooner, unlike sedi-
ments, which require the 30 min incubation step prior to headspace analysis (see Geochemistry). 
Cores 2X–36X penetrated from 505.2 to 827.8 mbsf and recovered 322.6 m (93%).

At 0700 h on 4 January, there was a failure in the top drive brake system, causing the brake to 
engage and overheat. We stopped coring and pulled up Core 401-U1610A-36X, which had 
advanced 3 m. The bit was raised to 793.5 mbsf, the top drive was racked to allow repair, and the 
bit was raised to 495.2 mbsf just inside the casing. The first interval of top drive inspections and 
repair ran from 0945 to 1330 h. The cause of the failure appeared to be the exhaust valve on the 

Figure F7. Reentry and casing system, Hole U1610A. mbrf = meters below rig floor. Dimensions are in meters. NA = not 
applicable.
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brake. A portion of the diaphragm in the exhaust valve had broken off, lodged in the valve, and 
kept air pressure to the energizing bladder behind the brake bands. This kept the brake engaged. 
There was significant damage to the brake and bladder assembly from the resultant overheating, 
and the entire brake assembly needed to be replaced with the spare unit from the warehouse.

Meanwhile, we decided to change from the XCB coring system to the rotary core barrel (RCB) 
coring system for the remainder of the hole. We raised the bit to the ship, clearing the seafloor at 
1423 h and the rig floor at 1630 h. Repairs to the top drive continued and were complete by 0215 h 
on 5 January. The rig floor team then assembled the RCB BHA with a new 9⅞ inch polycrystalline 
diamond compact (PDC) bit, and Hole U1610A was reentered at 0548 h. Core 50R marked the end 
of the special headspace gas protocol, and results were within the normal range for the interval 
where the enhanced gas safety protocol was in effect. The procedure resulted in a delay of ~45 min 
per core across 25 cores.

Coring continued with very good recovery to Core 401-U1610A-95R, which recovered just 15 cm 
of hard dolostone rock pieces. Core 96R was empty, so we ran the bit deplugger to remove any 
potential obstructing rock lodged in the bit. Although the drilling rate indicated that we were drill-
ing recoverable sediments and had passed below the hard lithified sediments that had been partly 
recovered in Core 95R, no sediments were recovered, so we stopped coring at 0515 h on 11 Janu-
ary with Core 100R. Cores 37R–100R penetrated from 827.8 to 1438.7 mbsf and recovered 610.9 
m (74%). In total, Cores 2X–100R penetrated from 505.2 to 1438.7 mbsf and recovered 751.2 m 
(80.5%) (Table T1).

We prepared for downhole logging by releasing the bit at the bottom of the hole, filling the hole 
with 354.3 bbl of heavy (10.5 lb/gal) barite mud, and raising the pipe. When the end of the pipe 
reached 779.4 mbsf, the drill pipe became stuck. After an overpull of 60,000 lb would not free the 
pipe, the circulating head was attached so that fluid could be pumped and the top drive was picked 
up so that the pipe could be rotated. After several attempts, the pipe came free at 1215 h with 
90,000 lb of overpull and a pump pressure of 600 psi. The end of pipe was set at 516.6 mbsf for 
logging, 14.7 m below the casing shoe.

At 1415 h, we started to assemble the quad combo tool string, including natural gamma radiation 
(NGR), density, resistivity, and sonic velocity tools. The tool string was lowered down the hole, 
passing out of the casing into the open hole at 1640 h. At ~726 mbsf, the tool string encountered 
an obstruction and, after eight attempts, could not pass any farther down the hole. This depth 

Table T1. Core summary, Site U1610. DRF = drilling depth below rig floor, DSF = drilling depth below seafloor, CSF = core depth below seafloor. ROP = rate of penetra-
tion. APC = advanced piston corer, HLAPC = half-length APC. Core type: R = RCB, X = XCB, numeric core type = drilled interval. (Continued on next two pages.) Down-
load table in CSV format.

Hole U1610A
Latitude: 36°41.9812′N
Longitude: 7°25.8844′W
Water depth (m): 556.34
Date started (UTC): 1030 h; 28 December 2023
Date finished (UTC): 0334 h; 12 January 2024
Time on hole (days): 14.72
Seafloor depth DRF (m): 567.4
Seafloor depth est. method: Tagged
Rig floor to sea level (m): 11.06
Penetration DSF (m): 1438.7
Cored interval (m): 933.5
Recovered length (m): 751.2
Recovery (%): 80.47
Drilled interval (m): 505.2
Drilled interval (N): 1
Total cores (N): 99
APC cores (N): 0
HLAPC cores (N): 0
XCB cores (N): 35
RCB cores (N): 64
Other cores (N): 0
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Core

Top depth 
drilled

DSF (m)

Bottom depth 
drilled 

DSF (m)

Interval 
advanced 

(m)

Top depth 
cored 

CSF (m)

Bottom depth
recovered 

(m)

Recovered 
length 

(m)
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length

(m)
Recovery 

(%)
Sections 

(N)
Real ROP 

(m/h)
Core on deck 

date

Core on deck 
time

UTC (h)

401-U1610A- 
Start hole 29 Dec 2023 1200
11 0.0 505.2 *****Drilled from 0.0 to 505.2 mbsf***** 22.0 30 Dec 2023 1921
2X 505.2 514.9 9.7 505.2 510.35 5.20 5.15 53 5 6.5 31 Dec 2023 1705
3X 514.9 524.6 9.7 514.9 524.43 9.50 9.53 98 8 7.3 31 Dec 2023 1900
4X 524.6 534.3 9.7 524.6 534.49 9.90 9.89 102 8 5.8 31 Dec 2023 2135
5X 534.3 538.5 4.2 534.3 540.57 6.30 6.27 149 6 3.6 31 Dec 2023 2325
6X 538.5 544.0 5.5 538.5 542.52 4.00 4.02 73 4 3.1 01 Jan 2024 0205
7X 544.0 553.7 9.7 544.0 549.29 5.30 5.29 55 5 6.8 01 Jan 2024 0430
8X 553.7 563.4 9.7 553.7 563.59 9.90 9.89 102 8 4.3 01 Jan 2024 0740
9X 563.4 573.1 9.7 563.4 573.52 10.10 10.12 104 8 3.8 01 Jan 2024 1130
10X 573.1 582.8 9.7 573.1 578.49 5.40 5.39 56 5 9.7 01 Jan 2024 1315
11X 582.8 592.5 9.7 582.8 592.90 10.10 10.10 104 8 8.3 01 Jan 2024 1505
12X 592.5 602.2 9.7 592.5 601.50 9.00 9.00 93 7 9.0 01 Jan 2024 1655
13X 602.2 611.9 9.7 602.2 612.07 9.90 9.87 102 8 7.8 01 Jan 2024 1855
14X 611.9 621.6 9.7 611.9 622.21 10.30 10.31 106 9 7.3 01 Jan 2024 2105
15X 621.6 631.3 9.7 621.6 631.47 9.90 9.87 102 8 7.3 01 Jan 2024 2335
16X 631.3 641.0 9.7 631.3 641.13 9.80 9.83 101 8 6.1 02 Jan 2024 0205
17X 641.0 650.7 9.7 641.0 650.26 9.30 9.26 95 8 6.8 02 Jan 2024 0440
18X 650.7 660.4 9.7 650.7 660.67 10.00 9.97 103 8 8.3 02 Jan 2024 0645
19X 660.4 670.1 9.7 660.4 670.24 9.80 9.84 101 8 5.3 02 Jan 2024 0945
20X 670.1 679.8 9.7 670.1 680.18 10.10 10.08 104 9 5.8 02 Jan 2024 1220
21X 679.8 689.5 9.7 679.8 689.91 10.10 10.11 104 8 7.3 02 Jan 2024 1435
22X 689.5 699.2 9.7 689.5 699.40 9.90 9.90 102 8 6.8 02 Jan 2024 1630
23X 699.2 708.9 9.7 699.2 709.00 9.80 9.80 101 8 9.0 02 Jan 2024 1820
24X 708.9 718.6 9.7 708.9 718.87 10.00 9.97 103 8 6.1 02 Jan 2024 2045
25X 718.6 728.3 9.7 718.6 728.32 9.70 9.72 100 8 9.0 02 Jan 2024 2240
26X 728.3 738.0 9.7 728.3 738.18 9.90 9.88 102 8 7.3 03 Jan 2024 0100
27X 738.0 747.7 9.7 738.0 747.87 9.90 9.87 102 8 7.8 03 Jan 2024 0340
28X 747.7 757.4 9.7 747.7 757.27 9.60 9.57 99 8 7.8 03 Jan 2024 0635
29X 757.4 767.1 9.7 757.4 766.71 9.30 9.31 96 8 4.9 03 Jan 2024 1005
30X 767.1 776.8 9.7 767.1 776.82 9.70 9.74 100 8 6.1 03 Jan 2024 1315
31X 776.8 786.4 9.6 776.8 786.06 9.30 9.26 96 7 7.7 03 Jan 2024 1605
32X 786.4 796.0 9.6 786.4 796.40 10.00 010.00 104 8 7.2 03 Jan 2024 1850
33X 796.0 805.6 9.6 796.0 798.42 2.40 2.42 25 3 6.4 03 Jan 2024 2210
34X 805.6 815.2 9.6 805.6 811.29 5.70 5.69 59 5 5.0 04 Jan 2024 0145
35X 815.2 824.8 9.6 815.2 825.14 9.90 9.94 104 8 6.1 04 Jan 2024 0520
36X 824.8 827.8 3.0 824.8 826.37 1.60 1.57 52 2 5.1 04 Jan 2024 0745
37R 827.8 837.5 9.7 827.8 831.65 3.90 3.85 40 4 6.5 05 Jan 2024 1220
38R 837.5 847.2 9.7 837.5 847.49 10.00 9.99 103 8 9.7 05 Jan 2024 1455
39R 847.2 856.9 9.7 847.2 849.43 2.20 2.23 23 3 9.7 05 Jan 2024 1745
40R 856.9 866.6 9.7 856.9 858.19 1.30 1.29 13 2 11.6 05 Jan 2024 2005
41R 866.6 876.3 9.7 866.6 874.44 7.80 7.84 81 7 11.6 05 Jan 2024 2240
42R 876.3 886.0 9.7 876.3 886.41 10.10 10.11 104 8 11.6 06 Jan 2024 0110
43R 886.0 895.7 9.7 886.0 896.02 10.00 10.02 103 8 7.3 06 Jan 2024 0435
44R 895.7 905.4 9.7 895.7 902.49 6.80 6.79 70 6 8.3 06 Jan 2024 0720
45R 905.4 915.1 9.7 905.4 912.34 6.90 6.94 72 6 10.6 06 Jan 2024 1000
46R 915.1 924.8 9.7 915.1 921.25 6.20 6.15 63 6 6.5 06 Jan 2024 1255
47R 924.8 934.5 9.7 924.8 934.76 10.00 9.96 103 8 6.5 06 Jan 2024 1605
48R 934.5 944.2 9.7 934.5 938.17 3.70 3.67 38 4 9.7 06 Jan 2024 1840
49R 944.2 953.9 9.7 944.2 954.04 9.80 9.84 101 9 8.3 06 Jan 2024 2120
50R 953.9 963.6 9.7 953.9 963.53 9.60 9.63 99 8 4.9 07 Jan 2024 0130
51R 963.6 973.3 9.7 963.6 973.69 10.10 10.09 104 8 23.3 07 Jan 2024 0305
52R 973.3 983.0 9.7 973.3 983.26 10.00 9.96 103 9 6.1 07 Jan 2024 0555
53R 983.0 992.7 9.7 983.0 991.60 8.60 8.60 89 7 11.6 07 Jan 2024 0800
54R 992.7 1002.0 9.7 992.7 999.35 6.70 6.65 69 6 8.3 07 Jan 2024 0955
55R 1002.0 1012.0 9.7 1002.4 1010.79 8.40 8.39 86 7 7.8 07 Jan 2024 1215
56R 1012.1 1021.0 9.7 1012.1 1021.18 9.10 9.08 94 8 7.3 07 Jan 2024 1410
57R 1021.8 1031.0 9.7 1021.8 1030.17 8.40 8.37 86 7 6.5 07 Jan 2024 1630
58R 1031.5 1041.2 9.7 1031.5 1041.39 9.90 9.89 102 9 14.6 07 Jan 2024 1810
59R 1041.2 1050.9 9.7 1041.2 1050.51 9.30 9.31 96 8 9.7 07 Jan 2024 2000
60R 1050.9 1060.6 9.7 1050.9 1058.94 8.00 8.04 83 8 7.8 07 Jan 2024 2205
61R 1060.6 1070.3 9.7 1060.6 1069.65 9.10 9.05 93 8 11.6 07 Jan 2024 2335
62R 1070.3 1080.0 9.7 1070.3 1074.12 3.80 3.82 39 4 11.6 08 Jan 2024 0140
63R 1080.0 1089.7 9.7 1080.0 1082.86 2.90 2.86 29 3 6.1 08 Jan 2024 0410
64R 1089.7 1099.4 9.7 1089.7 1096.53 6.80 6.83 70 6 6.8 08 Jan 2024 0700
65R 1099.4 1109.1 9.7 1099.4 1107.27 7.90 7.87 81 7 8.3 08 Jan 2024 0905
66R 1109.1 1118.8 9.7 1109.1 1117.45 8.40 8.35 86 7 5.1 08 Jan 2024 1155
67R 1118.8 1128.5 9.7 1118.8 1126.44 7.60 7.64 79 7 16.6 08 Jan 2024 1320
68R 1128.5 1138.2 9.7 1128.5 1134.04 5.30 5.54 55 5 11.6 08 Jan 2024 1520

Table T1 (continued). (Continued on next page.) 
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interval is the same one that closed in on the drill pipe earlier in the day. However, useful log data 
were acquired from the ~208 m open hole logged interval.

The inclinometer in the cablehead of the quad combo logging tool string showed that Hole 
U1610A was inclined between 13° and 15° from vertical in the logged interval. We had suspected 
the hole was not vertical based on the observation of inclined beds in the cores.

The downhole logging equipment was rigged down by 0045 h on 12 January, and the pipe was 
raised, clearing the seafloor at 0130 h and the rig floor at 0300 h. The rig floor was secured for 
transit, we raised the thrusters at 0336 h, and we started the sea passage to Site U1385 at 0348 h, 
ending Site U1610.

3. Lithostratigraphy
Seven primary lithologies were described in Hole U1610A: calcareous clay, calcareous mud, cal-
careous silty mud, calcareous (sandy) silt(stone), calcareous (silty) sand(stone), clayey calcareous 
ooze, and dolostone. Minor coarser grained lithologies were also observed (Figure F8; see HAND-
DRAWN in Supplementary material). Based on these lithologic descriptions, Site U1610 is 
divided into five stratigraphic units (Figures F9, F10). Contacts between lithologies are predomi-
nantly gradual, with subtle color and grain size changes; however, some contacts are sharp to ero-
sive.

Unit I (505.2–699.4 m core depth below seafloor, Method A [CSF-A]) comprises alternating cal-
careous mud and calcareous silty mud, with minor coarser, sandy intervals. Unit II (699.4–835.0 m 
CSF-A) consists of three subunits: Subunit IIa (699.4–728.3 m CSF-A) is composed entirely of 

69R 1138.2 1147.9 9.7 1138.2 1139.67 1.30 1.47 13 1 29.1 08 Jan 2024 1645
70R 1147.9 1157.6 9.7 1147.9 1150.52 2.30 2.62 24 4 19.4 08 Jan 2024 1805
71R 1157.6 1167.3 9.7 1157.6 1165.65 8.10 8.05 83 7 38.8 08 Jan 2024 2015
72R 1167.3 1177.0 9.7 1167.3 1176.44 9.10 9.14 94 9 29.1 08 Jan 2024 2155
73R 1177.0 1186.7 9.7 1177.0 1186.71 9.70 9.71 100 8 29.1 08 Jan 2024 2335
74R 1186.7 1196.4 9.7 1186.7 1196.71 10.00 10.01 103 8 19.4 09 Jan 2024 0125
75R 1196.4 1206.1 9.7 1196.4 1199.16 2.40 2.76 25 2 23.3 09 Jan 2024 0315
76R 1206.1 1215.8 9.7 1206.1 1210.38 4.30 4.28 44 4 29.1 09 Jan 2024 0500
77R 1215.8 1225.5 9.7 1215.8 1225.77 10.00 9.97 103 8 23.3 09 Jan 2024 0715
78R 1225.5 1235.2 9.7 1225.5 1235.45 10.00 9.95 103 8 29.1 09 Jan 2024 0905
79R 1235.2 1244.9 9.7 1235.2 1244.15 9.00 8.95 92 7 29.1 09 Jan 2024 1055
80R 1244.9 1254.6 9.7 1244.9 1251.63 6.70 6.73 69 6 12.9 09 Jan 2024 1245
81R 1254.6 1264.3 9.7 1254.6 1262.66 8.10 8.06 83 8 38.8 09 Jan 2024 1425
82R 1264.3 1274.0 9.7 1264.3 1274.30 10.00 10.00 103 8 29.1 09 Jan 2024 1605
83R 1274.0 1283.7 9.7 1274.0 1283.90 9.90 9.90 102 8 14.6 09 Jan 2024 1755
84R 1283.7 1293.4 9.7 1283.7 1293.68 10.00 9.98 103 9 19.4 09 Jan 2024 1935
85R 1293.4 1303.1 9.7 1293.4 1303.09 9.70 9.69 100 8 23.3 09 Jan 2024 2120
86R 1303.1 1312.8 9.7 1303.1 1310.54 7.40 7.44 77 7 38.8 09 Jan 2024 2250
87R 1312.8 1322.5 9.7 1312.8 1321.17 8.40 8.37 86 7 19.4 10 Jan 2024 0055
88R 1322.5 1332.2 9.7 1322.5 1331.99 9.50 9.49 98 8 19.4 10 Jan 2024 0300
89R 1332.2 1341.9 9.7 1332.2 1342.25 10.10 10.05 104 8 16.6 10 Jan 2024 0515
90R 1341.9 1351.6 9.7 1341.9 1351.94 10.00 10.04 104 8 16.6 10 Jan 2024 0715
91R 1351.6 1361.3 9.7 1351.6 1361.67 10.10 10.07 104 9 16.6 10 Jan 2024 0915
92R 1361.3 1371.0 9.7 1361.3 1370.41 9.10 9.11 94 8 16.6 10 Jan 2024 1130
93R 1371.0 1380.7 9.7 1371.0 1379.10 8.10 8.10 84 7 16.6 10 Jan 2024 1320
94R 1380.7 1390.4 9.7 1380.7 1389.76 9.10 9.06 93 7 9.7 10 Jan 2024 1540
95R 1390.4 1400.1 9.7 1390.4 1390.59 0.20 0.20 2 1 9.0 10 Jan 2024 1820
96R 1400.1 1409.8 9.7 1400.1 1400.10 0.00 .0 0 0 29.1 10 Jan 2024 2005
97R 1409.8 1414.5 4.7 1409.8 1409.80 0.00 .0 0 0 18.8 10 Jan 2024 2105
98R 1414.5 1419.3 4.8 1414.5 1414.50 0.00 .0 0 0 19.2 11 Jan 2024 0015
99R 1419.3 1429.0 9.7 1419.3 1419.30 0.00 .0 0 0 14.6 11 Jan 2024 0255
100R 1429.0 1438.7 9.7 1429.0 1429.00 0.00 .0 0 0 8.3 11 Jan 2024 0510

Hole U1610A totals: 933.5 .0 751.20 752.30 80.5 .0
.0 .0 .0

Core

Top depth 
drilled

DSF (m)

Bottom depth 
drilled 

DSF (m)

Interval 
advanced 

(m)

Top depth 
cored 

CSF (m)

Bottom depth
recovered 

(m)

Recovered 
length 

(m)

Curated 
length

(m)
Recovery 

(%)
Sections 

(N)
Real ROP 

(m/h)
Core on deck 

date

Core on deck 
time

UTC (h)

Table T1 (continued). 
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calcareous mud, Subunit IIb (728.3–796.4 m CSF-A) is composed of alternating calcareous mud 
and calcareous clay, and Subunit IIc (796.4–835.0 m CSF-A) is predominantly composed of calcar-
eous mud. Unit III (835.0–934.5 m CSF-A) consists of interbedded calcareous mud and clayey 
calcareous ooze to calcareous silty mud, with minor coarser, sandy intervals. Unit IV (934.5–
1388.8 m CSF-A) is divided into three subunits. Subunit IVa (934.5–1112.7 m CSF-A) consists of 
alternating calcareous silty mud, calcareous sandy silt, calcareous mud, and coarser grained sand 
and silty sand intervals, with minor clayey calcareous ooze to calcareous clay. Subunit IVb 
(1112.7–1220.3 m CSF-A) consists of calcareous mud, calcareous silty mud, calcareous sandy silt, 
and calcareous sand (very fine, fine, and medium), with some clayey calcareous ooze to calcareous 
clay and minor lithified siltstone, sandstone (fine to medium), and conglomerate. Subunit IVc 
(1220.3–1388.8 m CSF-A) consists of alternating calcareous mud, calcareous silty mud, calcareous 
sandy silty, and coarser grained sand and silty sand intervals, with minor clayey calcareous ooze to 
calcareous clay and calcareous clay. Unit V (1388.8–1390.6 m CSF-A) consists entirely of dolos-
tone. Cores 401-U1610A-96R through 100R (1390.6–1438.7 m CSF-A) had 0% recovered sedi-
ments and were not included in the unit definition.

Individual bed thickness for each primary lithology was calculated (Figure F10). The top and bot-
tom of each core were excluded because they represent only a portion of the bed and, therefore, 
the minimum value of bed thickness. For the nine cores entirely composed of a single lithology, the 
thickness was still calculated but represents the minimum bed thickness. The gradual transitions 
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Figure F8. Lithologic synthesis, Site U1610. See SYNTHLOGS in Supplementary material for editable version of this figure. 
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between lithologies preclude the calculation of a true bed thickness, which can only be determined 
by integrating visual core description with physical properties data (e.g., NGR, magnetic suscepti-
bility [MS], reflectance, and red-green-blue [RGB] color) (Figure F11).

The trace fossil assemblage at Site U1610 varies in abundance and diversity throughout the cores, 
with some intervals having abundant trace fossils (bioturbation index [BI] = 4), whereas in other 
intervals bioturbation is absent (BI = 0). A total of 12 ichnotaxa were recognized at the ichnogenus 
level, including abundant Chondrites and Planolites, frequent Zoophycos and Thalassinoides, rare 
Palaeophycus, and occasional Arenicolites, Asterosoma, Ophiomorpha, Phycosiphon, and Teichich-
nus. Macaronichnus occurs locally at a high abundance, as does Trichichnus, which was observed 
in X-Ray Linescan Logger (XSCAN) images (Figure F12). Undifferentiated horizontal and vertical 
structures were also observed, and crosscutting relationships are frequent among the ichnotaxa.

Petrographic analysis of smear slides taken regularly from Hole U1610A (n = 200) aided the litho-
logic description. Smear slide data in Table T2 are organized by depth and lithology. Most of the 

Figure F9. Lithologic summary, Site U1610. Curve variation in sedimentary log indicates long-term relative variations of 
coarser versus finer grained sediments. Black dashed lines = unit boundaries, horizontal gray dashed lines = subunit bound-
aries, vertical dashed line with T = transitional interval from one unit to the next unit.
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smear slide grain size data from the primary lithologies in each unit plot along the bottom edge of 
the texture ternary diagram (Figure F13A) between clay and silt, with deviations toward sand for 
coarser grained lithologies. Compositionally, most of the primary lithologies cluster near the silici-
clastic corner of the composition ternary diagram (Figure F14A), with clayey calcareous ooze and 
some calcareous mud spreading toward biogenic carbonate. All lithologies contain little to no bio-
genic silica (≤5%; Table T2). Detrital carbonate is a minor component of the finer lithologies but is 
more abundant in some of the coarser lithologies (Figure F14). Average texture and composition 
by lithology within each unit are plotted in Figures F13B and F14B.

Based on shipboard analyses for Hole U1610A, the total carbonate content in these cores ranges 
25.4%–79.8% (see Geochemistry; Figure F48). X-ray diffraction (XRD) analyses were conducted 
on 20 squeeze cake residues and 37 spot samples collected from the working halves of Hole 
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U1610A to gain a general understanding of the bulk mineralogy of sediments and identify any 
large-scale trends with depth. Representative diffraction patterns of the bulk mineralogy of pri-
mary lithologies in the five units are shown in Figure F15. The primary minerals identified include 
quartz, calcite, feldspars (plagioclase and K-feldspar), and clay minerals, including chlorite, mixed-
layer illite/smectite (I/S), illite (or mica), and kaolinite, and minor dolomite and pyrite. Distinct 
peaks suggesting the presence of siderite were detected in only a few samples. The bulk mineral 
assemblage is fairly uniform downhole from Unit I to Unit IV with a distinct change to a dolomite-
dominated lithology in Unit V (Figure F15). Where total carbonate content was analyzed through 
both coulometry and XRD methods on samples from the same stratigraphic intervals, the results 
are largely consistent with each other (see Geochemistry; Figures F16, F49). The relative abun-
dance with depth at Site U1610 of different minerals and mineral groups in all the XRD samples, 
including samples for which the lithologies are known and squeeze cake samples for which the 
lithologies cannot be confidently determined, is shown in Figure F17, together with organic car-
bon content (see Geochemistry; Figure F47). In general, calcite content dominates the total car-
bonate in Units I–IV. Calcite content is about 30% through Units I and II, distinctly increases at 
around 880 m CSF-A in Unit III, decreases to about 20% in Subunits IVa and IVb, and slightly 
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and MS are from Section Half Multisensor Logger (SHMSL). NGR data points are shown to note different sampling spacing 
compared to other logs. Vfs = very fine sand, fs = fine sand, Ms = medium sand, Cs = coarse sand, vcs = very coarse sand. Ch 
= Chondrites, Pa = Palaeophycus, Pl = Planolites, Th = Thalassinoides, Zo = Zoophycos. cps = counts per second, IU = instru-
ment units. Note that boundary between two lithologies is concordant with L* and b* reflectance and RGB color variations, 
together with gradual NGR response. (Continued on next four pages.) 
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increases to about 30% in Subunit IVc. The overall variations in the content of quartz, feldspars, 
and clay minerals have an inverse trend with respect to the variation in the calcite content for most 
lithologies in Units I–IV. However, the sand-dominated lithologies in Unit IV are characterized by 
relatively low calcite and clay contents and relatively high dolomite content. The dolomite content 
is overall constant in other primary lithologies in Units I–IV but is significantly higher in Unit V, 
which contains a negligible amount of calcite and a much lower quantity of siliciclastic minerals.

3.1. Unit I description

Interval: 401-U1610A-2X through 22X
Depth: 505.2–699.4 m CSF-A
Age: Piacenzian to mid-Zanclean

3.1.1. Lithologies, bedding, and color
Unit I comprises the top of the cored interval in Hole U1610A (505.2–699.4 m CSF-A). It is com-
posed of calcareous mud, calcareous silty mud, and minor sand and silt intervals (Figure F10). 
These lithologies alternate and vary in thickness, but beds are rarely thicker than 2 m. The average 
thickness ranges from ~75 cm for calcareous mud to ~70 cm for calcareous silty mud.

Contacts between lithologies are predominantly gradational, transitioning over a few centimeters 
in terms of color and grain size (Figure F11A), with occasional sharp and bioturbated contacts. 
Transitions upward from calcareous silty muds to calcareous muds are occasionally abrupt with a 
more distinct color change (e.g., Section 401-U1610A-3X-6, 43 cm) in comparison with the tran-
sitions upward from calcareous muds to calcareous silty muds (e.g., Section 3X-7, 54–56 cm). 
Coarser intervals such as silt, sand, or calcareous (silty) sand (Figure F18) commonly have a sharp 
or erosional basal contact and an average thickness of ~2 cm (e.g., Sections 14X-1, 79–81 cm, and 
15X-1, 36–40 cm).

The calcareous muds are predominantly grayish olive (10Y 5/2) and more rarely a darker shade of 
grayish olive (10Y 4/2), and the calcareous silty mud is typically greenish gray (GLEY1 5/10Y). 

Figure F11 (continued). B. Calcareous mud and calcareous clay, Unit II. (Continued on next page.) 
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Coarser grained sand and silt intervals are dominantly greenish gray (GLEY1 5/10Y) to dark 
greenish gray (GLEY1 4/10Y). Because of the subtle and gradational changes observed between 
lithologies, physical properties data were sometimes used to revise lithologic boundaries. For 
example, Unit I calcareous mud has relatively higher b* reflectance values, relatively lower L* 
reflectance and RGB color values, and relatively higher NGR values compared to calcareous silty 
mud (Figure F11A).

3.1.2. Structure and texture
Sedimentary structures in fine-grained sediments are typically hard to see. However, Unit I calcar-
eous muds, which are usually homogeneous, sometimes contain both subtle parallel lamination 
and very rare cross lamination (Figure F19A). Some intervals have an apparent dip in parallel lam-
ination mostly due to inclination of the borehole (see Operations). Calcareous silty mud has a 
greater variety of sedimentary structures than calcareous mud, with parallel and cross lamination, 
color banding, and rare erosional surfaces (Figure F18B). The calcareous silty mud sometimes has 
rare and very subtle detrital organic matter laminae that are darker than the surrounding lithology 
(Figure F19D). Bigradational sequences are commonly associated with upward transitions from 
calcareous mud to calcareous silty mud and back to calcareous mud (Figure F18A). Silty sand, fine 
sand, and very fine sand usually have sharp and erosional basal contacts, normal grading, and 
occasional parallel lamination (Figure F18). The parallel lamination is frequently partly biotur-
bated. Most of these sandier deposits are interbedded with calcareous silty mud and are rarely 
associated with calcareous mud (e.g., Section 401-U1610A-14X-2, 79–81 cm, in Figure F19C and 
Section 16X-4, 93–109 cm, in Figure F20).

Figure F11 (continued). C. Calcareous mud and clayey calcareous ooze, Unit III. (Continued on next page.) 
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Based on smear slide analysis for Unit I (Table T2), calcareous mud contains 0%–5% sand, 15%–
80% silt, and 20%–85% clay (Figure F13). Calcareous silty mud contains 0%–5% sand, 30%–70% 
silt, and 30%–70% clay. Coarser sandy and silty intervals contain 1%–70% sand, 15%–70% silt, and 
5%–40% clay.

3.1.3. Bioturbation and trace fossils
The relative abundance of discrete trace fossil bioturbation index is sparse to moderate (mainly BI 
= 1–3) and occasionally abundant (BI = 4) or absent (BI = 0). The trace fossil assemblage consists 
of abundant Chondrites and Planolites and frequent Zoophycos and Thalassinoides. Other ichno-
taxa (i.e., Arenicolites, Palaeophycus, and Teichichnus), as well as undifferentiated trace fossils, are 
rare. In general, calcareous silty muds have a higher bioturbation index (BI = 2–3) and trace fossil 
diversity than calcareous muds (BI = 1). Sharp-based sand intervals have, in most cases, an upper 
bioturbated part with Chondrites and Planolites and occasionally a lower bioturbated contact (Fig-
ure F20).

3.1.4. Composition and bulk mineralogy
Based on smear slide data (Table T2), the Unit I calcareous mud and calcareous silty mud are 
compositionally similar (Figure F14). The calcareous mud contains 55%–85% siliciclastic grains, 
1%–15% detrital carbonate, 10%–40% biogenic carbonate, and 0%–2% biogenic silica (Figures 
F14B, F21A). The Unit I calcareous silty mud contains 55%–80% siliciclastic grains, 2%–20% 
detrital carbonate, 10%–40% biogenic carbonate, and 0%–2% biogenic silica. Coarser grained lith-
ologies (e.g., calcareous silty sand) have wider ranges in composition, 55%–90% siliciclastic grains, 
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Figure F11 (continued). D. Calcareous mud, calcareous silty mud, calcareous sandy silt, and calcareous fine sand, Unit IV. 
(Continued on next page.)
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2%–30% detrital carbonate, 5%–20% biogenic carbonate, and 0%–2% biogenic silica (Figure 
F14B). Additional components include plant fragments and pyrite that are disseminated through-
out. Shell fragments and visible foraminifers are only present in some samples, particularly from 
the lower part of the unit.

Based on XRD analyses of 15 samples from Unit I, the calcite content of Unit I ranges 26%–36% 
and averages 30% (Figure F17). The quartz content ranges 14%–22% and averages 18%. The aver-
age content of feldspars, including plagioclase and K-feldspar, is 12%. On average, clay minerals 
make up 37% of the sediments of Unit I. The calcareous mud and calcareous silty mud in Unit I are 
very similar in terms of mineralogical composition, despite their differences in color and bioturba-
tion style. This similarity highlights the need for more detailed analysis of grain size, texture, and 
organic matter composition to fully resolve the depositional and environmental conditions under 
which they were formed. Nevertheless, the calcareous mud in Unit I seems to have a slightly 
higher pyrite content (average = 1.4%) and organic carbon content compared to the calcareous 
silty mud (Figure F17), consistent with the relatively darker color of the calcareous mud.

3.2. Unit II description

Interval: 401-U1610A-23X through 37R
Depth: 699.4–835 m CSF-A
Age: mid-Zanclean to latest Messinian
Subunit IIa interval: 401-U1610A-23X through 25X
Subunit IIa depth: 699.4–728.3 m CSF-A
Subunit IIb interval: 401-U1610A-26X through 32X
Subunit IIb depth: 728.3–796.4 m CSF-A
Subunit IIc interval: 401-U1610A-33X through 37R
Subunit IIc depth: 796.4–835.0 m CSF-A
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Figure F11 (continued). E. Rapid transition from dolostone to calcareous silty mud, Unit V. 



R. Flecker et al. · Site U1610 IODP Proceedings Volume 401

https://doi.org/10.14379/iodp.proc.401.104.2025 publications.iodp.org · 18

3.2.1. Lithologies, bedding, and color
Unit II is composed predominantly of calcareous mud, which represents more than 95% of Sub-
units IIa and IIc (Figure F10). Subunit IIb consists of ~60% calcareous mud and ~40% or less cal-
careous clay. Minor silty sand beds were observed in Subunits IIb and IIc. Beds of calcareous mud 
in Unit II have the highest bed thickness values, with some beds up to 8 m thick. The average 
calcareous mud bed thickness is ~2.7 m, and calcareous clays of Subunit IIb are on average ~1.1 m 
thick (maximum thickness is 1.8 m). The average bed thickness for the silty sand intervals is ~1 
cm, and these beds are rare with only two occurrences in the entire Unit II.

Contacts between the calcareous mud and calcareous clay are mostly gradational, with subtle 
changes in color and grain size (Figure F11B), although they are occasionally separated by sharp 
boundaries characterized by a distinct color change. The contact between silty sand and other 
lithologies is usually sharp.

The calcareous mud in Unit II is dark greenish gray (GLEY1 4/10Y) to dark grayish olive (10Y 4/2), 
and the calcareous clay in Subunit IIb is dark grayish olive (10Y 4/2). The minor silty sand beds in 
Subunits IIb and IIc are dark gray (GLEY1 4/N). Although the calcareous mud and calcareous clay 
in Subunit IIb have distinct color differences, gradual changes in lithology were sometimes diffi-
cult to determine, and physical properties data were used as complementary information to con-
firm lithologic boundaries. For example, Unit II calcareous muds have lower NGR and b* 
reflectance values and slightly higher MS, L* reflectance, and RGB color values compared to cal-
careous clay (Figure F11B).

Figure F12. Vertical to subvertical, straight to slightly winding, thin burrows of Trichichnus (Tr), associated with pyrite nod-
ules in Unit III, Site U1610. Left: core photograph. Right: XSCAN images. In this section, apparent dip of beds is about 25°.
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Table T2. Smear slide data by lithology and depth, Hole U1610A. ND = not determined. (Continued on next two pages.)
Download table in CSV format.

Core, section, 
interval (cm)

Top 
depth

CSF (m) Unit
Lithology of

interval
Sand size

(%)
Silt size 

(%)
Clay size 

(%)
Siliciclastic 

(%)

Detrital 
carbonate

(%)

Biogenic 
carbonate 

(%)

Siliceous 
biogenic 

(%)

401-U1610A-
2X-1, 95 506.15  I Calcareous mud 0 80 20 86 5 9 0
2X-2, 22 506.89  I Calcareous mud 1 59 40 82 5 13 0
2X-3, 23 508.39  I Calcareous mud 0 70 30 86 5 9 0
3X-6, 35 522.53  I Calcareous mud 1 30 69 68 3 29 0
4X-1, 27 524.87  I Calcareous mud 0 30 70 66 3 31 0
5X-5, 19 539.54  I Calcareous mud 1 39 60 61 10 29 0
7X-3, 48 547.49  I Calcareous mud 0 40 60 77 3 20 0
8X-4 78 558.93  I Calcareous mud 5 25 70 70 1 29 0
9X-6, 42 571.16  I Calcareous mud 1 39 60 69 7 24 0
11X-7, 76 592.36  I Calcareous mud 0 40 60 80 1 19 0
12X-1, 137 593.87  I Calcareous mud 1 30 69 57 4 39 0
12X-3, 79 596.25  I Calcareous mud 0 30 70 57 2 41 0
13X-2, 93 604.59  I Calcareous mud 0 30 70 66 3 31 0
14X-3, 83 615.66  I Calcareous mud 1 20 79 59 3 38 0
15X-7, 47 630.09  I Calcareous mud 1 30 69 69 1 30 0
16X-2, 124 633.97  I Calcareous mud 2 25 73 71 4 25 0
17X-3, 62 644.54  I Calcareous mud 1 15 84 70 8 22 0
18X-7, 9 659.76  I Calcareous mud 2 23 75 60 10 30 0
19X-3, 52 663.88  I Calcareous mud 2 18 80 75 5 20 0
20X-2, 103 671.85  I Calcareous mud 1 25 74 65 10 25 0
20X-4, 103 674.84  I Calcareous mud 2 30 68 65 15 20 0
20X-6, 43 675.92  I Calcareous mud 1 25 74 65 15 20 0
21X-5, 120 686.91  I Calcareous mud 0 30 70 63 3 32 2
22X-6, 112 698.02  I Calcareous mud 1 34 65 65 5 29 1
2X-1, 120 506.4  I Calcareous silty mud 0 40 60 74 3 23 0
3X-6, 58 522.76  I Calcareous silty mud 2 58 40 70 20 10 0
4X-2, 127 527.38  I Calcareous silty mud 0 60 40 57 5 38 0
5X-CC, 7 540.25  I Calcareous silty mud 0 70 30 59 2 39 0
7X-3, 9 547.1  I Calcareous silty mud 0 70 30 76 7 17 0
9X-5, 52 569.78  I Calcareous silty mud 0 70 30 80 3 17 0
11X-4, 24 587.4  I Calcareous silty mud 0 30 70 60 4 36 0
12X-2, 107 595.05  I Calcareous silty mud 5 50 45 75 2 23 0
13X-4, 80 607.39  I Calcareous silty mud 0 60 40 57 3 40 0
14X-4, 74 617.03  I Calcareous silty mud 1 70 29 76 5 19 0
16X-4, 105 636.71  I Calcareous silty mud 2 35 63 55 15 30 0
17X-1, 132 642.32  I Calcareous silty mud 2 30 68 70 10 20 0
17X-3, 70 644.62  I Calcareous silty mud 2 35 63 65 15 20 0
18X-3, 22 653.9  I Calcareous silty mud 3 35 62 56 19 25 0
19X-4, 25 665.09  I Calcareous silty mud 2 30 68 60 15 25 0
22X-3, 44 692.87  I Calcareous silty mud 1 70 29 62 3 33 2
7X-4, 70 548.87  I Calcareous silty sand 60 30 10 62 30 8 0
8X-6, 108 562.19  I Calcareous silty sand 70 20 10 91 2 7 0
10X-1, 133 574.43  I Calcareous silty sand 40 50 10 86 7 7 0
10X-3, 26 576.33  I Calcareous sandy mud 1 69 30 53 30 17 0
14X-2, 79 614.15  I Sandy silt 50 30 20 80 5 15 0
16X-4, 101 636.67  I Sand within turbidite 55 40 5 85 10 5 0
17X-1, 134 642.34  I Calcareous silty sand 70 20 10 85 10 5 0
17X-1, 138 642.38  I Calcareous silty sand 70 20 10 85 5 10 0
18X-2, 96 653.14  I Sandy mud 25 40 35 65 15 20 0
19X-1, 52 660.92  I Silty sand 70 15 15 80 10 10 0
20X-8, 49 678.87  I Sandy mud 10 50 40 60 20 20 0
21X-4, 135 685.58  I Sandy silt 40 45 15 85 5 8 2
23X-3, 40 702.53  IIa Calcareous mud 3 65 32 50 5 40 5
23X-7, 69 708.41  IIa Calcareous mud 3 42 55 65 7 25 3
24X-2, 91 711.26  IIa Calcareous mud 1 45 54 53 5 39 3
24X-3, 49 712.0  IIa Calcareous mud 0 70 30 57 2 38 3
25X-2, 72 720.59  IIa Calcareous mud 2 40 58 60 10 30 0
25X-2, 73 720.6  IIa Calcareous mud 2 35 63 56 14 30 0
25X-4, 130 723.9  IIa Calcareous mud 2 30 68 60 15 25 0
25X-5, 98 725.05  IIa Calcareous mud 3 50 47 60 15 25 0
26X-1, 33 728.63  IIb Calcareous mud 1 30 69 70 10 20 0
26X-7, 60 737.69  IIb Calcareous mud 1 25 74 70 10 20 0
27X-2, 125 740.71  IIb Calcareous mud 5 36 59 60 10 30 0
27X-4, 99 743.37  IIb Calcareous mud 1 25 74 65 12 23 0
28X-4, 120 753.34  IIb Calcareous mud 3 30 67 65 15 20 0
28X-6, 42 755.54  IIb Calcareous mud 1 35 64 65 10 25 0
29X-2, 21 759.09  IIb Calcareous mud 1 44 55 63 4 32 1
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30X-2, 41 768.99  IIb Calcareous mud 2 33 65 63 4 32 1
31X-3, 52 780.29  IIb Calcareous mud 2 40 58 63 4 32 1
32X-3, 73 789.96  IIb Calcareous mud 2 40 58 60 7 30 3
29X-3, 123 761.59  IIb Calcareous clay 1 39 60 55 7 35 3
26X-6, 50 736.12  IIb Calcareous clay 1 25 74 73 7 20 0
27X-3, 119 742.11  IIb Calcareous clay 2 30 68 70 10 20 0
28X-3, 36 751.02  IIb Calcareous clay 1 20 79 70 10 20 0
30X-2, 129 769.87  IIb Calcareous clay 1 20 79 68 3 29 0
31X-3, 103 780.8  IIb Calcareous clay 1 20 79 ND ND ND ND
32X-6, 51 794.0  IIb Calcareous clay 0 20 80 67 4 28 1
34X-3, 33 808.86  IIc Calcareous mud 2 40 58 65 7 25 3
37R-1, 109 828.89  IIc Calcareous mud 0 40 60 72 3 25 0
37R-2, 70 829.975  IIc Calcareous mud 1 48 51 74 7 19 0
29X-4, 145 763.29  IIb Silty sand 60 35 5 80 10 8 2
35X-6, 119 823.7  IIc Silty sand 60 30 10 85 10 5 0
38R-4, 72 842.71  IIIa Calcareous mud 0 20 80 67 1 32 0
41R-6, 70 874.16  IIIa Calcareous mud 0 35 65 33 12 55 0
42R-1, 88 877.18  IIIa Calcareous mud 3 35 62 30 10 60 0
43R-3, 128 890.22  IIIa Calcareous mud 3 42 55 38 8 54 0
44R-1, 34 896.04  IIIa Calcareous mud 0 10 90 71 1 28 0
44R-5, 50 902.18  IIIa Calcareous mud 0 30 70 69 2 29 0
46R-2, 114 917.69  IIIb Calcareous mud 0 60 40 83 3 14 0
40R-1, 96 857.86  IIIa Clayey calcareous ooze 0 15 85 45 3 52 0
41R-5, 55 872.76  IIIa Clayey calcareous ooze 0 10 90 25 10 65 0
42R-1, 55 876.85  IIIa Clayey calcareous ooze 0 10 90 33 7 60 0
43R-3, 48 889.42  IIIa Clayey calcareous ooze 2 20 78 35 7 58 0
44R-1, 80 896.5  IIIa Clayey calcareous ooze 0 10 90 44 1 55 0
45R-4, 37 910.24  IIIb Clayey calcareous ooze 1 13 86 45 1 54 0
46R-1, 63 915.73  IIIb Clayey calcareous ooze 1 8 91 43 0 57 0
47R-4, 40 929.66  IIIb Clayey calcareous ooze 5 38 57 50 3 47 0
45R-3, 44 908.82  IIIb Calcareous silty mud 1 69 30 75 6 19 0
46R-4, 62 919.73  IIIb Calcareous silty mud 10 70 20 66 15 19 0
47R-1, 10 924.9  IIIb Calcareous silty mud 2 78 20 78 10 12 0
47R-1, 69 925.49  IIIb Calcareous silty mud 3 67 30 47 10 43 0
47R-7, 84 934.4  IIIb Calcareous silty mud 5 52 43 50 5 45 0
39R-2, 69 849.38  IIIa Sandy silt 30 65 5 58 7 35 0
44R-3, 86 899.53  IIIa Silty sand 1 69 30 88 2 10 0
48R-1, 13 934.63  IV Calcareous silty mud 2 52 46 44 12 44 0
49R-6, 110 951.81  IV Calcareous silty mud 7 38 55 58 9 33 0
50R-5, 46 960.21  IV Calcareous silty mud 3 35 62 60 10 30 0
50R-5, 53 960.28  IV Calcareous silty mud 0 48 52 48 2 50 0
51R-2, 92 965.98  IV Calcareous silty mud 2 53 45 56 7 37 0
51R-5, 71 970.16  IV Calcareous silty mud 4 70 26 60 8 32 0
52R-1, 50 973.8  IV Calcareous silty mud 1 30 69 60 0 40 0
53R-4, 104 988.54  IV Calcareous silty mud 1 40 59 68 2 30 0
54R-1, 58 993.28  IV Calcareous silty mud 5 45 50 75 5 20 0
54R-4, 13 997.31  IV Calcareous silty mud 0 35 65 77 5 18 0
56R-4, 71 1016.97  IV Calcareous silty mud 0 60 40 69 1 30 0
57R-4, 43 1026.67  IV Calcareous silty mud 0 60 40 71 2 27 0
61R-1, 62 1061.22  IV Calcareous silty mud 10 60 30 83 2 15 0
61R-1, 63 1061.23  IV Calcareous silty mud 15 65 20 100 0 0 0
65R-4, 108 1104.96  IV Calcareous silty mud 0 60 40 78 1 21 0
66R-1, 118 1110.28  IV Calcareous silty mud 10 55 35 76 1 23 0
70R-3, 14 1149.82  IV Calcareous silty mud 2 50 48 63 15 22 0
70R-3, 16 1149.84  IV Calcareous silty mud 2 45 53 64 18 18 0
70R-3, 72 1150.4  IV Calcareous silty mud 35 30 35 66 12 22 0
71R-6, 45 1165.04  IV Calcareous silty mud 8 32 60 73 10 17 0
72R-2, 85 1168.92  IV Calcareous silty mud 3 30 67 68 10 22 0
73R-2, 103 1179.44  IV Calcareous silty mud 1 79 20 65 9 25 1
79R-1, 126 1236.46  IV Calcareous silty mud 18 52 30 67 15 18 0
80R-2, 85 1247.17  IV Calcareous silty mud 0 45 55 73 15 12 0
82R-5, 16 1270.43  IV Calcareous silty mud 35 55 10 65 5 30 0
83R-1, 70 1274.7  IV Calcareous silty mud 0 40 60 72 5 23 0
83R-6, 70 1281.65  IV Calcareous silty mud 1 59 40 78 3 19 0
84R-3, 138 1287.95  IV Calcareous silty mud 1 59 40 74 3 23 0
94R-2, 94 1383.11  IV Calcareous silty mud 0 60 40 47 5 48 0
94R-6, 71 1388.81  IV Calcareous silty mud 0 80 20 ND ND ND ND
55R-2, 29 1004.17  IV Calcareous mud 0 40 60 63 4 33 0
55R-2, 30 1004.18  IV Calcareous mud 0 35 65 66 4 30 0

Core, section, 
interval (cm)

Top 
depth

CSF (m) Unit
Lithology of

interval
Sand size

(%)
Silt size 

(%)
Clay size 

(%)
Siliciclastic 

(%)

Detrital 
carbonate

(%)

Biogenic 
carbonate 

(%)

Siliceous 
biogenic 

(%)

Table T2 (continued). (Continued on next page.)
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55R-5, 39 1008.72  IV Calcareous mud 0 27 73 58 4 38 0
56R-1, 120 1013.3  IV Calcareous mud 0 30 70 54 1 45 0
57R-4, 129 1027.53  IV Calcareous mud 1 69 30 77 7 16 0
59R-6, 107 1049.08  IV Calcareous mud 0 35 65 72 3 25 0
60R-3, 103 1054.52  IV Calcareous mud 0 23 77 75 2 23 0
68R-1, 105 1129.55  IV Calcareous mud 2 30 68 65 13 22 0
71R-6, 29 1164.88  IV Calcareous mud 1 40 59 73 12 15 0
72R-5, 83 1173.08  IV Calcareous mud 1 25 74 66 12 22 0
73R-1, 79 1177.79  IV Calcareous mud 1 40 59 66 4 30 0
78R-1, 53 1226.03  IV Calcareous mud 2 25 73 67 15 18 0
79R-5, 35 1241.52  IV Calcareous mud 1 25 74 73 12 15 0
80R-1, 108 1245.98  IV Calcareous mud 0 12 88 59 6 35 0
87R-6, 107 1321.1  IV Calcareous mud 0 30 70 61 0 39 0
94R-3, 52 1384.18  IV Calcareous mud 2 53 45 58 5 37 0
56R-3, 108 1015.87  IV Clayey calcareous ooze 0 15 85 48 0 52 0
60R-3, 95 1054.44  IV Clayey calcareous ooze 0 25 75 28 2 70 0
60R-4, 39 1055.28  IV Clayey calcareous ooze 0 20 80 39 1 60 0
60R-7, 45 1058.47  IV Clayey calcareous ooze 0 23 77 52 2 46 0
65R-2, 35 1101.24  IV Clayey calcareous ooze 0 3 97 52 0 48 0
68R-2, 47 1130.46  IV Clayey calcareous ooze 0 15 85 50 10 40 0
74R-4, 84 1192.0  IV Clayey calcareous ooze 0 30 70 70 7 23 0
74R-4, 142 1192.58  IV Clayey calcareous ooze 0 20 80 38 2 60 0
91R-3, 30 1353.53  IV Clayey calcareous ooze 0 10 90 61 0 39 0
72R-5, 90 1173.15  IV Calcareous clay 0 18 82 64 4 32 0
73R-3, 26 1180.11  IV Calcareous clay 0 20 80 66 4 30 0
85R-2, 31 1295.14  IV Calcareous clay 0 15 85 63 1 36 0
48R-2, 59 935.91  IV Calcareous sandy silt 23 52 25 48 10 42 0
48R-2, 67 935.99  IV Calcareous sandy silt 25 40 35 54 4 42 0
49R-3, 51 947.3  IV Calcareous sandy silt 38 48 14 47 9 44 0
52R-4, 88 977.31  IV Calcareous sandy silt 2 45 53 70 0 30 0
52R-5, 90 978.83  IV Calcareous sandy silt 35 40 25 80 5 15 0
56R-5, 118 1018.91  IV Calcareous sandy silt 5 65 30 73 3 24 0
57R-1, 32 1022.12  IV Calcareous sandy silt 10 50 40 71 3 26 0
59R-7, 50 1049.69  IV Calcareous sandy silt 30 33 37 74 6 20 0
61R-4, 23 1065.01  IV Calcareous sandy silt 10 45 45 75 2 23 0
66R-2, 29 1110.85  IV Calcareous sandy silt 10 60 30 74 0 26 0
67R-5, 66 1125.42  IV Calcareous sandy silt 40 30 30 65 15 20 0
81R-7, 42 1262.24  IV Calcareous sandy silt 30 50 20 60 5 35 0
82R-4, 92 1269.69  IV Calcareous sandy silt 55 30 15 65 5 30 0
53R-1, 52 983.52  IV Calcareous silty sand 43 37 20 80 10 10 0
58R-7, 48 1039.99  IV Calcareous very fine sand 55 30 15 91 3 6 0
58R-8, 24 1040.49  IV Calcareous fine sand 60 30 10 91 3 6 0
59R-7, 80 1049.99  IV Calcareous silty sand 45 30 25 80 5 15 0
60R-1, 102 1051.92  IV Calcareous very fine sand 43 35 22 83 4 13 0
61R-6, 50 1068.09  IV Calcareous very fine sand 40 35 25 80 2 18 0
62R-1, 41 1070.71  IV Calcareous silty sand 41 46 13 89 2 9 0
62R-1, 110 1071.4  IV Calcareous very fine sand 43 35 22 87 2 11 0
62R-CC, 17 1074.0  IV Calcareous silty sand 8 47 45 73 2 25 0
64R-3, 82 1093.5  IV Calcareous silty sand 55 30 15 88 3 9 0
64R-3, 103 1093.71  IV Calcareous silty sand 30 55 15 86 3 11 0
64R-3, 139 1094.07  IV Calcareous sand 60 30 10 88 5 7 0
67R-2, 88 1121.17  IV Calcareous fine sand 50 30 20 94 1 5 0
68R-4, 5 1132.86  IV Calcareous medium sand 45 30 25 65 15 20 0
71R-1, 64 1158.24  IV Calcareous silty sand 45 35 20 65 15 20 0
74R-6, 144 1195.52  IV Calcareous silty sand 45 35 20 75 10 15 0
78R-3, 95 1229.42  IV Calcareous silty sand 15 30 55 72 10 18 0
78R-6, 95 1233.77  IV Calcareous silty sand 25 30 45 70 12 18 0
80R-5, 56 1251.34  IV Calcareous medium sand 45 40 15 55 32 13 0
81R-2, 38 1256.47  IV Calcareous fine sand 55 30 15 60 10 30 0
85R-7, 112 1302.94  IV Calcareous fine sand 55 35 10 74 20 6 0
86R-1, 75 1303.85  IV Calcareous fine sand 70 25 5 70 30 0 0
88R-1, 135 1323.85  IV Calcareous very fine sand 60 35 5 63 35 2 0
91R-8 1361.3  IV Calcareous silty sand 20 50 30 85 1 14 0
94R-6, 99 1389.09  V Dolostone 5 85 10 ND ND ND ND

Core, section, 
interval (cm)

Top 
depth

CSF (m) Unit
Lithology of

interval
Sand size

(%)
Silt size 

(%)
Clay size 

(%)
Siliciclastic 

(%)

Detrital 
carbonate

(%)

Biogenic 
carbonate 

(%)

Siliceous 
biogenic 

(%)

Table T2 (continued). 
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3.2.2. Structure and texture
Sedimentary structures are largely absent in Unit II, which is homogeneous, especially in Subunits 
IIa and IIc. In Subunit IIb (Cores 401-U1610A-31X and 32X), some subtle parallel lamination 
marked by changes in color and grain size are present (Figure F19E). Possible diagenetic color 
variations and organic matter laminae are also present in Subunit IIb. There are very occasional 
sandy silt beds in Unit II, with a maximum grain size of very fine sand.

Based on smear slide analysis (Table T2), calcareous clay, which is only present in Subunit IIb, 
contains 0%–2% sand, 20%–30% silt, and 60%–80% clay (Figure F13). Calcareous mud varies 
slightly in texture throughout Unit II, with sand, silt, and clay values in Subunit IIa more compara-
ble to the calcareous silty mud of Unit I (Figure F13B). Subunit IIa calcareous mud contains 0%–
3% sand, 30%–70% silt, and 30%–70% clay (Figure F13A). The calcareous muds in Subunits IIb 
and IIc are very similar; Subunit IIb contains 1%–5% sand, 25%–45% silt, and 55%–75% clay, and 
Subunit IIc contains 0%–2% sand, 40%–50% silt, and 50%–60% clay. The transitional nature 
between Units I and II is well expressed by the textural characteristics of Subunit IIa. The disap-
pearance of calcareous silty mud and the siltier—but not silty enough to be named calcareous silty 
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Figure F13. A. Texture of different lithologies per unit from smear slide analysis (n = 200), Site U1610. Smaller diagrams 
show data for Units I–IV. (Continued on next page.)
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mud—calcareous mud in Subunit IIa represent the gradual coarsening-upward trend from Unit II 
to Unit I. The deeper calcareous muds in Subunits IIb and IIc appear more comparable to the 
calcareous mud in Unit I. The coarser grained sediments in Unit II are composed of 60% sand, 
30%–35% silt, and 5%–10% clay (Figure F13).

3.2.3. Bioturbation and trace fossils
Bioturbation in Unit II is noticeably less intense compared to Unit I. Trace fossils are sparse to 
moderately abundant (BI = 1–2) and are absent (BI = 0) in some intervals. Both the bioturbation 
index and trace fossil diversity increase with depth; they are comparatively scarce, even absent, in 
Subunit IIa, which is dominated by calcareous mud, to moderately abundant in Subunits IIb and 
IIc. The trace fossil assemblage of Unit II comprises dominantly Chondrites and Planolites and 
frequent Zoophycos and Thalassinoides. Higher abundance and diversity with increasing depth is 
accompanied by the increasing occurrence of Palaeophycus and the presence of rare Arenicolites.

3.2.4. Composition and bulk mineralogy
Unit II calcareous muds are compositionally similar to Unit I, with a slight increase in the silici-
clastic component of the sediments with depth (Figure F14). This unit has the highest biosiliceous 
content compared to other units. Subunit IIa calcareous mud consists of 50%–65% siliciclastics, 
2%–15% detrital carbonate, 25%–40% biogenic carbonate, and 0%–5% biogenic silica. Subunit IIb 
calcareous mud contains 60%–70% siliciclastics, 5%–15% detrital carbonate, 20%–30% biogenic 
carbonate, and 0%–3% biogenic silica (Figure F21A). Subunit IIc calcareous mud contains 65%–
75% siliciclastics, 3%–5% detrital carbonate, 20%–25% biogenic carbonate, and 0%–3% biogenic 
silica. Subunit IIb calcareous clay consists of 55%–75% siliciclastic grains, 3%–10% detrital car-
bonate, 20%–35% biogenic carbonate, and 0%–3% biogenic silica. Unit II coarser grained litholo-
gies contain significantly less biogenic carbonate than all other lithologies and consist of 80%–85% 

Figure F13 (continued). B. Averaged texture (grain size) from smear slide data for main lithologies in Units I–V. Coarse 
lithologies group includes sandy silt (Units I and II only), silty sand, sandy mud (Unit I only), and very fine to medium-
grained sand.
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siliciclastics, 10% detrital carbonate, 5%–8% biogenic carbonate, and 0%–2% biogenic silica (Fig-
ures F14, F21C). Additional components including pyrite and some plant fragments are dissemi-
nated throughout the entire unit.

Based on XRD analyses of 11 samples from Unit II, the calcite content of Unit II ranges 24%–40% 
and averages 30% (Figure F17). The quartz content ranges 14%–23% and averages 18%. The aver-
age content of feldspars including plagioclase and K-feldspar is 11%, and clay minerals make up an 
average of 37% of the sediments of Unit II. The bulk mineralogy of Unit II is very similar to that of 
Unit I (Figure F17), and there is less amplitude of variation in pyrite and organic carbon content in 
Unit II, which supports the observation that Unit II is more homogeneous. The one sample of the 
calcareous clay analyzed in Unit II has a higher pyrite and organic carbon content compared to the 
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Figure F14. A. Composition of different lithologies per unit from smear slide analysis (n = 197), Site U1610. Smaller dia-
grams show data for Units I–IV. Compositional data were normalized to exclude minor siliceous biogenic component that is 
always ≤5% (Table T2). Dolostone in Unit V is not included, as it is dominantly composed of recrystallized dolomite. (Contin-
ued on next page.)
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calcareous mud (Figure F17). More data points are needed to more thoroughly characterize the 
difference in sediment composition between calcareous mud and calcareous clay.

3.3. Unit III description

Interval: 401-U1610A-38R through 47R
Depths: 835–934.5 m CSF-A
Age: late Messinian

3.3.1. Lithologies, bedding, and color
Unit III primarily consists of calcareous mud, clayey calcareous ooze to calcareous clay, and a few 
coarser grained sandy intervals (Figure F10). The fining-upward transition from Unit IV to Unit 
III coincides with the appearance of clayey calcareous ooze. Calcareous silty mud is only present in 
the lower part of Unit III below Core 401-U1610A-45R (907.9 m CSF-A).

The term “clayey calcareous ooze” is used to refer to the lithology in Unit III with a distinctly 
lighter color, which has an elevated carbonate content (>40%). However, although smear slide 
observations suggest a mostly >50% carbonate content (Figures F13, F14B), both XRD and cou-
lometry analyses indicate that only a few of these samples have more than 50% carbonate content 
(Figure F16), so strictly speaking this lighter lithology is mainly calcareous clay. Clayey calcareous 
ooze is used in Unit III to distinguish this lithology with its lighter greenish gray color (GLEY1 
5/10Y) from the dark grayish olive (10Y 4/2) calcareous clay in Unit II.

Bed thickness in Unit III is commonly <2 m, with an average thickness of ~90 cm for the calcare-
ous mud and ~70 cm for the clayey calcareous ooze. The bed thickness for the calcareous silty 
mud is at least ~35 cm and increases with depth. Coarser grained lithologies (e.g., sandy silt and 
silty sand) are on average ~4 cm thick, with a maximum thickness of 6 cm.

Mineralogical composition
Siliciclastics (%)
Detrital carbonate (%)

Biogenic carbonate (%)
Siliceous biogenic (%)

0 10 20 30 40 50 60 70 80 90 100

Unit I calcareous mud

Unit I calcareous silty mud

Unit I coarse lithologies

Unit IIa calcareous mud

Unit IIb calcareous mud

Unit IIb calcareous clay

Unit IIc calcareous mud

Unit II coarse lithologies

Unit III calcareous mud

Unit III clayey calcareous ooze

Unit III calcareous silty mud

Unit III coarse lithologies

Unit IV calcareous silty mud

Unit IV calcareous mud

Unit IV clayey calcareous ooze

Unit IV calcareous clay

Unit IV calcareous sandy silt

Unit IV coarse lithologies

Proportion

n = 24 

n = 16 

n = 12

n = 8

n = 10

n = 6

n = 3

n = 2

n = 7

n = 8

n = 5

n = 2

n = 29

n = 16

n = 9

n = 3

n = 13

n = 24

B

Figure F14 (continued). B. Averaged composition from smear slide data for main lithologies in Units I–IV.
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Figure F15. Representative powder XRD patterns of different lithologies in Units I–V, Site U1610. Samples are arranged 
from shallow (top) to deep (bottom).
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Figure F19. A–C, E–G. Subtle parallel and cross lamination and normal grading (arrows) in Units I–III (A, C, E: structures were 
observable in XSCAN images; B, F, G: structures not visible), Site U1610. Two examples from Units I and III have apparent dip 
of parallel lamination (about 10° and 6°, respectively). D. Very subtle organic matter laminae (arrows) in calcareous silty mud 
interval, Unit I.

Figure F20. Turbidites and trace fossils in Unit I, with bioturbated upper contacts (Ch = Chondrites, Pl = Planolites) and rare 
bioturbated lower contact (Ut = undifferentiated trace).
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Contacts between lithologies are typically gradational with subtle changes in color and grain size 
(Figure F11C). Contacts are occasionally sharp or erosional between the calcareous mud and the 
clayey calcareous ooze (e.g., Core 401-U1610A-42R) and at the base of the sandy intervals.

The calcareous mud and calcareous silty mud, as well as the sandy intervals, are mainly dark 
greenish gray (GLEY1 4/10Y), and the clayey calcareous ooze appears greenish gray (GLEY1 
5/10Y). Because of the gradual subtle changes between lithologies, visual core descriptions were 
integrated with physical properties data to help identify lithologic boundaries. For example, Unit 
III calcareous mud has slightly higher NGR and MS values and slightly lower reflectance (L* and 
b*) values compared to the clayey calcareous ooze (Figure F11C).

3.3.2. Structure and texture
The calcareous mud and clayey calcareous ooze are relatively homogeneous and lack sedimentary 
structures. Calcareous silty mud contains subtle parallel lamination (e.g., Section 401-U1610A-
47R-6), which sometimes have an apparent dip (e.g., Section 46R-2) in the lower part of Unit III 

Figure F21. Major lithologies for (A) Units I–III, (B) Units IV and V, and (C) coarser grained lithologies, Site U1610. Dominant 
siliciclastic and biogenic components are annotated. Air = air bubble, Cl = clay, Cn = calcareous nannofossils, Dol = dolo-
mite, Fd = feldspar, Fm = foraminifers, Gl = glauconite, Hm = heavy mineral, Lith = lithic fragment, Py = pyrite, Qz = quartz, 
Sp = sponge spicule. (Continued on next page.) 
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Figure F21 (continued). 
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(Figure F19F, F19G). The sandier deposits have sharp erosional bases and sometimes normal 
grading and bioturbated upper contacts.

The maximum grain size observed was typically silt but occasionally very fine to medium sand. 
Based on smear slide analysis (Table T2), Unit III calcareous mud contains 0%–3% sand, 10%–60% 
silt, and 40%–90% clay, and the clayey calcareous ooze contains 0%–5% sand, 10%–40% silt, and 
60%–90% clay (Figure F13). The calcareous silty muds in Unit III contain 1%–10% sand, 50%–80% 
silt, and 20%–40% clay, and the coarser-grained intervals contain 1%–30% sand, 65%–70% silt, and 
5%–30% clay.

3.3.3. Bioturbation and trace fossils
The trace fossil assemblage in Unit III is commonly more abundant and diverse than Unit II and is 
typically associated with the lighter colored clayey calcareous ooze in Unit III. The trace fossil 
assemblage comprises dominant Chondrites and Planolites, frequent Zoophycos and Thalassinoi-
des, scarce Palaeophycus, and rare Teichichnus (Figure F12). Bioturbation intensity varies from 
abundant (BI = 4) to sparse (BI = 1). In some cases, abundant bioturbation and crosscutting rela-
tionships make ichnotaxonomical characterization difficult. There is a lower abundance and ich-
nodiversity in the calcareous mud compared to the clayey calcareous ooze (Figure F22). XSCAN 

Figure F22. Increasing bioturbation intensity and ichnodiversity from calcareous mud (BI = 1) to clayey calcareous ooze 
(BI = 4) in Unit III close to boundary with Unit IV, Site U1610. Note crosscutting relationships between trace fossils in clayey 
calcareous ooze and sparse trace fossils in calcareous mud. Ch = Chondrites, Pl = Planolites, Th = Thalassinoides, Zo = Zoo-
phycos.
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images reveal the presence of near-vertical, straight to slightly winding, thin burrows of Trichich-
nus associated with pyrite nodules (Figure F12).

3.3.4. Composition and bulk mineralogy
The Unit III lithologies all contain <1% biogenic silica, and although the calcareous muds and cal-
careous silty muds are compositionally similar to each other, they are more varied than in Unit I 
(Figure F14). The calcareous mud contains 30%–80% siliciclastic grains, 1%–10% detrital carbon-
ate, and 15%–60% biogenic carbonate, and the calcareous silty mud consists of 50%–80% siliciclas-
tic grains, 5%–15% detrital carbonate, and 12%–45% biogenic carbonate (Figures F14, F21A). The 
clayey calcareous ooze consists of 25%–50% siliciclastic grains, 0%–10% detrital carbonate, and 
50%–65% biogenic carbonate. Similar to Unit I, the coarser grained lithologies contain less bio-
genic carbonate compared to the other lithologies in this unit and consist of 60%–90% siliciclastic 
grains, 2%–10% detrital carbonate, and 10%–35% biogenic carbonate. Additional components of 
Unit III are pyrite, shell fragments, and foraminifers disseminated throughout (Figure F21C).

Based on XRD analyses of nine samples from Unit III, the calcite content ranges 21%–51% and 
averages 33% (Figure F17). The quartz content ranges 10%–24% and averages 16%. The average 
quantity of feldspars including plagioclase and K-feldspar is 10%. On average, clay minerals make 
up 37% of the sediments of Unit III. The clayey calcareous ooze is characterized by an elevated 
carbonate content (>40%) and smaller quantities of quartz, feldspars, and clay minerals (Figure 
F17). The higher carbonate content compared to other lithologies was also observed in smear 
slide analysis (Figures F13, F14B); however, both XRD and coulometry analyses indicate there are 
only a few samples in Unit III that have more than 50% carbonate content (Figure F16).

3.4. Unit IV description

Interval: 401-U1610A-48R to 94R-6, 74 cm
Depths: 934.5–1388.8 m CSF-A
Age: late to early Messinian
Subunit IVa interval: 401-U1610A-48R-1 to 66R-3, 67 cm
Subunit IVa depth: 934.5–1112.7 m CSF-A
Subunit IVb interval: 401-U1610A-66R-3, 67 cm, through 77R-3
Subunit IVb depth: 1112.7–1220.3 m CSF-A
Subunit IVc interval: 401-U1610A-77R-4, through 94R-6, 6–74 cm
Subunit IVc depth: 1220.3–1388.8 m CSF-A

3.4.1. Lithologies, bedding, and color
Unit IV consists of calcareous silty mud, calcareous mud, calcareous sandy silt, and coarser 
grained sand and silty sand intervals, with minor clayey calcareous ooze, calcareous clay, and lith-
ified sediments (siltstone, sandstone, and conglomerate) (Figure F10). Subunits are defined based 
on the presence of lithified and cemented sediments in Subunit IVb (Figures F23, F24, F25). Con-
tacts between lithologies are typically gradual (Figure F11D), with some sharp or erosive contacts 
at the base of lithified sediments. Most lithologies are dark greenish gray (GLEY1 4/10Y), except 
for clayey calcareous ooze and calcareous clay, which are greenish gray (GLEY1 5/10Y), and the 
lithified sediments, which consist of a range of colors including dark gray (GLEY1 4/N), gray 
(GLEY1 5/N and GLEY1 6/N), light greenish gray (GLEY1 7/N), and white (WHITE N/8).

Subunit IVa consists of calcareous silty mud, calcareous sandy silt, calcareous mud, and coarser 
grained sand and silty sand intervals, with minor clayey calcareous ooze. In the upper part of Sub-
unit IVa, lithologies are predominantly calcareous silty mud and calcareous sandy silt, alternating 
with gradual transitions and variable bed thicknesses. These facies are sometimes associated with 
bigradational sequences, as in Core 401-U1610A-48R (Figure F18). Additionally, these alterna-
tions become more distinct, with sharp contacts in the middle of the subunit in Core 56R (1021.13 
m CSF-A). Core 56R has a fining-upward sequence, transitioning from calcareous sandy silt to 
calcareous mud, with parallel lamination, cross lamination, and thin lenticular beds (Figures 
F26C). Subunit IVa is extensively laminated. Rare sharply bounded clayey calcareous ooze inter-
vals are interbedded with calcareous mud and calcareous silty mud. The calcareous ooze can be 
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recognized by distinct color changes to a lighter shade of greenish gray and more intense bioturba-
tion.

In Subunit IVb, there are substantial missing successions, and the dominant recovered lithologies 
include calcareous mud, calcareous silty mud, calcareous sandy silt, and calcareous sand (very 
fine, fine, and medium), with some clayey calcareous ooze and minor lithified siltstone, sandstone 
(fine and medium), and conglomerate. Contacts between lithologies are typically gradational (Fig-
ure F11D), with some sharp or erosive contacts at the base of lithified sediments.

Subunit IVc is characterized by gradual changes between calcareous mud, calcareous silty mud, 
and calcareous sandy silt similar to those in Subunit IVa, with some sharp contacts between 
coarser grained sand and silty sand (very fine, fine, and medium sand) and occasional interbedding 
between calcareous clay and clayey calcareous ooze. Based on thin section analysis, Section 401-
U1610A-86R-1 contains calcareous fine sand that was partially cemented by calcite (Figure F27A, 
F27D–F27G). However, no other lithified interval was observed in this subunit.

Physical properties data were also used to help confirm lithologic boundaries in Unit IV. For exam-
ple, sandier deposits (e.g., calcareous fine sand) have lower NGR values and higher MS, L* reflec-
tance, and RGB color values compared to the finer grained lithologies (e.g., calcareous silty mud) 
in Unit IV (Figure F11D).
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3.4.2. Structure and texture
The calcareous silty mud in Unit IV contains a variety of sedimentary structures including parallel 
lamination, low-angle cross lamination, small variations in grain size and/or slight color variation 
(color banding), and erosional surfaces. Frequently, plant fragments were observed. The calcare-
ous sandy silt is characterized by parallel lamination, normal grading with sharp basal contacts, 
and rare lenticular bedding (Figure F26C). The alternations between calcareous silty mud and cal-
careous sandy silt are interpreted to be bigradational sequences, some of which are several meters 
thick and include lamination as well as color and/or grain size banding (Cores 401-U1610A-48R 
and 49R; Figure F18B). Rare coarsening-upward sequences from calcareous silty mud to calcare-
ous sandy silt were identified (e.g., Section 89R-6).

The silty sand intervals commonly have normal grading, parallel lamination, and bioturbation at 
the top and sometimes at the base. The very fine and fine sand beds have sharp basal contacts, 
normal grading, lamination, and banding. Occasionally, coarsening-upward successions with 
wavy upper contacts were observed in the sand intervals (Figure F26A). Wood fragments and 
plant debris are also present in the sandy deposits. The medium-grained sandstones have sharp 
basal contacts with mud clasts, parallel and cross lamination (Cores 401-U1610A-68R, 70R, and 
75R), normal grading, and rare instances of inverse grading (Figure F23A, F23B). Glauconite-
bearing bands (Figure F23A–F23C, F23E) are the most significant structures in the sandstones, 
exhibiting frequent variations in both grain size and color. Sometimes lamination is also charac-
terized by variations in the proportion of quartz and bioclasts (e.g., Section 70R-1; Figure F25E–
F25H). Siltstones are also commonly laminated.

Two sections in Subunit IVb (Sections 401-U1610A-66R-3 and 67R-2) contain conglomerates, 
some with soft clasts (e.g., calcareous silty mud, sandy silt, silty sand, and carbonate bioclasts) and 
hard clasts (e.g., metamorphic rock and dolostone with weathered holes) up to pebble size (several 
centimeters) in a matrix dominantly composed of calcareous muds (Figure F24). The conglomer-
ate in Section 67R-2 contains a variety of clasts up to 3 cm wide and shell fragments and is overall 
poorly sorted. The space between the gravel-sized clasts is filled with mostly fine sand–sized 
particles and calcite cement, resulting in very little residual porosity. The gravel-sized clasts are 
subrounded to rounded, and the fine sand–sized particles are subangular to subrounded. No 
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significant abundance of clay was observed in the space between framework minerals or clasts, 
which may need to be confirmed with thinner and better polished thin sections.

Based on smear slide data (Table T2), the Unit IV calcareous mud consists of 0%–2% sand, 10%–
70% silt, and 30%–90% clay, and the calcareous silty mud consists of 0%–35% sand, 30%–80% silt, 
and 10%–70% clay (Figure F13). The finer grained Unit IV lithologies have comparable textures, 
with the clayey calcareous oozes containing 0% sand, 3%–30% silt, and 70%–95% clay and the cal-
careous clays containing 0% sand, 15%–20% silt, and 80%–85% clay. The Unit IV calcareous sandy 
silts consist of 2%–55% sand, 30%–65% silt, and 15%–55% clay, and the coarser-grained lithologies 
(e.g., sand, and silty sand) have a variable texture with 8%–70% sand, 25%–55% silt, and 5%–55% 
clay (Figure F13).

3.4.3. Bioturbation and trace fossils
Unit IV has lower trace fossil abundance and diversity than Unit III, which can be attributed to the 
greater influx of coarser sediments. The trace fossil assemblage is dominated by Chondrites and 

Figure F27. A–K. Subunit IVc calcareous sand and Unit V dolostone, Site U1610 (D–G: noncarbonate-stained areas; H–
K: carbonate-stained areas). Space between framework particles contains negligible amount of clays and is mostly filled 
with calcite. Note that polishing of thin sections was finished at >30 μm thickness, so birefringence colors of quartz are 
higher than usual. Dol = dolomite, Gl = glauconite, Py = pyrite, Qz = quartz.
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Planolites, with common Zoophycos and Thalassinoides and rare Palaeophycus. Bioturbation 
intensity is moderate (BI = 3) to sparse (BI = 1), and intervals with no trace fossils (BI = 0) are 
common. Macaronichnus is locally abundant (BI = 4) in the calcareous fine sands, occurring below 
the conglomerate in Section 401-U1610A-67R-2, 50–66 cm (Figure F28).

3.4.4. Composition and bulk mineralogy
As in Units I–III, Unit IV calcareous silty mud and calcareous mud are compositionally similar 
and only differ significantly in texture (Figures F13, F14). The calcareous silty mud contains 45%–
100% siliciclastic grains, 0%–20% detrital carbonate, 0%–50% biogenic carbonate, and 0%–1% bio-
genic silica and in 5 of the 29 smear slides is not strictly calcareous (17%–24% carbonate; Table 
T2). The calcareous mud consists of 55%–75% siliciclastic grains, 0%–15% detrital carbonate, 
15%–45% biogenic carbonate, and <1% biogenic silica.

Although the clayey calcareous ooze and the calcareous clay are texturally similar (Figure F13), 
they have different compositions (Figure F14). The Unit IV calcareous clay contains 60%–70% 
siliciclastic grains, 1%–5% detrital carbonate, 30%–35% biogenic carbonate, and <1% biogenic sil-
ica. The clayey calcareous ooze in Unit IV is compositionally similar to the Unit III clayey calcare-
ous ooze, but on average it contains less biogenic carbonate. The Unit IV clayey calcareous ooze 
consists of 30%–70% siliciclastic grains, 0%–10% detrital carbonate, 25%–70% biogenic carbonate, 
and <1% biogenic silica; therefore, it is compositionally different from the calcareous clay.

The Unit IV calcareous sandy silt is compositionally similar to the Unit IV calcareous clay and only 
differs significantly in texture (Figures F13, F14). The Unit IV calcareous sandy silt consists of 
50%–80% siliciclastic grains, 0%–15% detrital carbonate, 15%–45% biogenic carbonate, and <1% 
biogenic silica. The Unit IV coarser grained lithologies (silty sand and very fine to medium sand) 
contain more siliciclastic components and consist of 55%–95% siliciclastic grains, 1%–35% detrital 
carbonate, 0%–30% biogenic carbonate, and <1% biogenic silica. Additional components are 
pyrite, shell fragments, and disseminated foraminifers visible on the cut core surfaces.

Based on XRD analysis of 17 samples from Unit IV, the calcite content ranges 18%–49% and aver-
ages 27% (Figure F17). The quartz content ranges 10%–41% and averages 23%. The average feld-
spar content is 12%. Clay minerals on average make up 33% of the sediments of Unit IV. The bulk 
mineral composition of the calcareous mud, calcareous silty mud, and clayey calcareous ooze in 
Unit IV is very similar to these lithologies in the other units (Figure F17). Only unlithified sands in 

Figure F28. A, B. Macaronichnus trace fossil in calcareous fine sand beneath conglomerate in Subunit IVb, Site U1610. 
C. Typical mineralogical segregation shown between cylinder tube core (lighter colored minerals; black arrows) and sur-
rounding rim (darker and heavy minerals; green arrows).
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Unit IV were sampled for XRD analysis, with no data from the lithified sandstones. The more 
common sand-dominated lithologies in Unit IV are characterized by distinctly lower calcite 
(~20%) and clay mineral (<30%) contents; higher amounts of dolomite (~5%), quartz (~30%), and 
feldspar (10%–16%); and lower organic carbon contents compared to the finer grained lithologies 
in Unit IV and other units (Figure F17).

Four thin sections were made from the well-cemented sandstones in Subunit IVb (Figures F23D–
F23F, F25). The sandstone in Section 401-U1610A-68R-5 (TS10) is medium grained, moderately 
to well sorted, and contains subangular to rounded grains of quartz, feldspar, lithic grains, glauco-
nite (~6%), and bioclasts (~14%) (Table T3; Figure F25A–F25D). Carbonate staining shows that it 
is cemented by calcite, which constitutes about 10% of the sandstone.

The sandstone in Section 401-U1610A-70R-1 is characterized by alternations of 1–3 mm thick 
light and dark layers over the section from 74 to 116 cm (total thickness is ~40 cm), which is then 
overlain by more homogeneous sandstone without layering (at least 50 cm thick). A thin section 
(70R-1 [TS11]) made from the layered part of this sandstone (Figure F23E) shows that the sand-
stone is on average fine sand sized and well sorted (Figure F25E–F25H; Table T3). The light-
colored layers are composed dominantly of quartz, whereas the dark layers contain more bioclasts. 
The glauconite content is low (~3%) and is similar in both layers. This sandstone is cemented by 
calcite, which constitutes about 30% of the sandstone.

The sandstone in Section 401-U1610A-70R-2 (TS12) is on average fine sand in grain size, biotur-
bated, and well sorted (Figures F23D, F25I–F25L). It contains about 30% quartz, 30% bioclasts, 
8% feldspars, 10% lithic grains, and about 20% calcite cement (Table T3).

The average grain size of the sandstone in Section 401-U1610A-75R-1 (TS13) is medium sand 
(Table T3). The sandstone is characterized by alternations between 1–2 cm thick dark layers and 
paler layers (Figure F23B). Thin section microscopy shows that the dark layers are richer in glauc-
onite (up to 15%), which is sometimes green in the thinner areas of the thin section but appear 
almost black in other parts of the thin section and in hand specimens. The darker layers contain 
50% quartz and well-sorted, rounded to subrounded grains cemented by about 15% poikilotopic 
calcite. The lighter layers are richer in carbonate bioclasts, more poorly sorted, less rounded with 
more angular grains, and cemented by about 10% calcite.

Table T3. Proportions of grains and cements in lithified sandstones, Hole U1610A. Data are from visual analysis and estimation of proportions of grains and cement in 
thin sections. Rounding applies to grains other than glauconite. Glauconite is usually well rounded. Download table in CSV format.

Core, section,
interval (cm)

Top 
depth 

CSF-A (m)
Thin 

section Lithology
Average 

grain size
Maximum 
grain size Rounding Sorting

Quartz 
(%)

Feldspars 
(%)

Lithic
fragments

(%)

Carbonate
bioclasts

and 
detrital 

(%)
Glauconite 

(%)
Pyrite

(%)

Calcite 
cement 

(%)

 401-U1610A-
 68R-5, 41–44 1133.49 TS10 Sandstone Medium 

sand
Coarse  

sand
Subangular to 

rounded
Moderately to 

well sorted
45 14 12 14 6 0 10

 70R-1, 96–99 1148.86 TS11 Laminated 
sandstone

Fine sand Coarse  
sand

Subrounded to 
subangular

Well sorted 37 5 5 20 3 0 30

 70R-2, 22–25 1149.365 TS12 Bioturbated 
sandstone

Fine sand Coarse 
sand

Subrounded to 
subangular

Well sorted 30 8 10 30 2 0 20

 75R-1, 127–130 1197.67 TS13 Laminated 
sandstone:  
dark facies

Medium 
sand

Coarse  
sand

Subrounded to 
rounded

Well sorted 50 5 5 10 15 0 15

 75R-1, 127–130 1197.67 TS13 Laminated 
sandstone:  
gray facies

Medium 
sand

Very 
coarse 
sand

Angular to 
rounded

Moderately to 
poorly 
sorted

30 10 5 40 5 0 10

 86R-1, 44–47 1303.54 TS16 Sandstone with 
Macaronichnus: 
outside burrow

Fine sand Coarse  
sand

Subangular to 
subrounded

Moderately 
sorted

35 5 10 20 10 0 20

 86R-1, 44–47 1303.54 TS16 Sandstone with 
Macaronichnus: 
inside burrow

Very fine 
sand

Medium 
sand

Subangular to 
subrounded

Well sorted 35 5 10 20 10 0 20

 86R-1, 75–78 1303.85 TS17 Sandstone Fine sand Coarse  
sand

Subangular to 
subrounded

Well sorted 34 5 5 30 5 1 20
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Two thin sections were made from the partially cemented calcareous sand in Section 401-
U1610A-86R-1 (TS16 and TS17). The thin section at 44–47 cm (TS16) crosses a Macaronichnus
trace fossil burrow (Figure F27A, F27D, F27E). The sample is on average fine sand in grain size 
and contains moderately sorted and subangular to subrounded quartz, feldspar, and lithic grains 
and well-rounded glauconite (about 10%; Table T3). Darker particles including glauconite, a 
higher proportion of clay mineral, and very fine detrital carbonate grains are concentrated on the 
rim of the burrow. Grains inside the burrow are better sorted than outside the burrow. The sand is 
nearly completely cemented by calcite, which occupies about 20% of the thin section. The thin 
section at 75–78 cm (TS17) is well sorted and contains dominantly very fine sand–sized subangu-
lar grains, including about 35% quartz, except for the 5% glauconite that is well-rounded (Figure 
F27A, F27F, F27G; Table T3). This sand contains about 1% pyrite and about 20% calcite cement.

The sandstones and conglomerate in Unit IV contain sedimentary rock fragments such as chert 
fragments and detrital dolomite (Figure F29A–F29D, F29G, F29H), metamorphic quartz (Figure 
F29G, F29H), and metamorphic rock fragments (e.g., schist fragment in Figure F29E, F29F). The 
chert fragments and dolomite fragment were likely derived from recycled sedimentary rocks. The 
metamorphic quartz and metamorphic rock fragments were likely derived from rivers that 
drained the metamorphic hinterland.

3.5. Unit V description

Interval: 401-U1610A-94R-6, 74 cm, through 95R
Depths: 1388.8–1390.6 m CSF-A
Age: early Messinian

Figure F29. (A, B) Calcareous sandy silt, (C, D) conglomerate, (E, F) sandstone, and (G, H) bioturbated sandstone in Unit IV, 
Site U1610 (C: scanning electron microscopy in backscatter electron mode; star = location of D; D: energy-dispersive X-ray 
spectroscopy). Note that polishing of thin sections was finished at >30 μm thickness, so birefringence colors of quartz are 
higher than usual. Fm = foraminifers, Cc = calcite cement, Gl = glauconite, Qz = quartz, Dol = dolomite, Cal = calcite, Mrf = 
metamorphic rock fragment, Mq = metamorphic quartz. cps = counts per second.
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3.5.1. Lithologies, bedding, and color
Unit V consists of dolostone and silty mud cemented predominantly by dolomite. Only 1.8 m was 
recovered, and subsequent cores were empty, making it impossible to estimate the exact thickness 
of the unit. The dolostone is greenish gray (GLEY1 6/10Y) (Figure F11E). There was a gradation 
over about 20 cm where the overlying calcareous silty mud in Unit IV became progressively dolo-
mitized, as suggested by a smear slide (401-U1610A-94R-6, 71 cm) (Table T2).

3.5.2. Structure and texture
There were no primary structures observed in this unit. The maximum grain size is fine sand. The 
one smear slide from this unit consists of 5% sand, 85% silt, and 10% clay (Table T2).

3.5.3. Bioturbation and trace fossils
The dolostone does not appear to be bioturbated, and no trace fossils were identified.

3.5.4. Composition and bulk mineralogy
Thin sections of the dolostone reveal a fully dolomitized micritic cement that is strongly poikilo-
topic (Figure F27B, F27C, F27H–F27K). Detrital grains include quartz, feldspars including 
microcline, and lithic fragments (e.g., metamorphic rock fragments). The grains are angular to 
subrounded and poorly sorted, with grain size ranging 20–200 μm (average very fine sand). Addi-
tionally, there are a few large, degraded dolomite rhombs (200–300 μm) surrounded by the 
micritic cement (Figure F27).

One XRD sample was collected from the dolostone in Section 401-U1610A-94R-CC. The dolo-
stone is dominantly dolomite (~74%), with small amounts of quartz and feldspar (14%), clay min-
erals (12%), and less than 1% calcite and pyrite (Figure F17).

3.6. Discussion

3.6.1. Boundaries between lithostratigraphic units and subunits
Unit boundaries are transitional in Hole U1610A (Figure F9), except for the Unit IV/V boundary, 
where the boundary is sharp because of the occurrence of the dolostone interval in Unit V. Units 
I–III are largely muddy (≥50%), with Subunits IIa and IIc comprising almost exclusively calcareous 
mud, except for some thin silty or sandy intervals. These two dominantly muddy subunits are 
located at unit transitions and reflect the disappearance of lithologies with different grain sizes. 
Subunit IIa is between Unit I, which contains calcareous silty mud, and Subunit IIb, which con-
tains calcareous clay (Figure F10). Subunit IIc is between Subunit IIb and the underlying Unit III, 
which contains clayey calcareous ooze. The transition between these units/subunits occurs gradu-
ally. The apparent dips of some beds and lamination in Hole U1610A are mainly due to the non-
vertical borehole.

3.6.2. Bed thickness variations
Bed thicknesses are variable at this site, with the calcareous mud lithology being the thickest, up to 
8 m (Figure F10). Bed thickness was only calculated within a core, without making any assump-
tions about the nature of the gaps between cores or intervals with no recovery. The calculated 
maximum thickness of the coarsest lithologies is capped by the core length. It is possible that some 
lithologies are up to 30 m thick (e.g., in Subunit IIa). Beds are commonly thinner in Units I and III 
and increase in thickness substantially in Unit II. Calcareous (silty) sand beds are thicker in Sub-
units IVb and IVc. A general thinning and fining-upward trend was detected in the upper part of 
Subunit IVa, and there are thickening and coarsening-upward trends in Subunits IVb and IVc.

3.6.3. Links between sediment composition and physical properties
The calcareous silty mud, calcareous mud, and calcareous clay in Units I–III have rather similar 
bulk mineral compositions, except that the finer grained lithologies seem to have a slightly higher 
pyrite and organic carbon content, which are positively correlated (Figure F17). The higher pyrite 
and organic carbon content likely contribute to the darker color, higher RGB values, and higher 
NGR values in the finer grained lithologies (Figure F11A–F11C). The relationship between pyrite 
and organic carbon content and physical properties, as well the possible roles of other factors such 
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as the impact of clay mineralogy on the physical properties of these lithologies that only differ 
subtly from each other based on visual inspections require more detailed petrographic, mineralog-
ical, and geochemical analyses. The lighter color, lower NGR values, and higher RGB values of the 
clayey calcareous ooze can be linked to the distinctly higher carbonate content and lower clay con-
tent (Figures F11C, F17). Although MS varies between lithologies, there seem to be factors other 
than the grain size and pyrite content that influence the MS of particular lithologies in Units I–III; 
for example, clay content and the trace amounts of magnetic minerals such as magnetite, greigite, 
and hematite that cannot be detected by XRD (Figure F11A–F11C).

The mineral composition and organic carbon content of the calcareous mud and calcareous silty 
mud in Unit IV are similar to those in Units I and II. The sand-dominated lithologies in Unit IV 
have greater quantities of quartz, feldspar, and dolomite and smaller quantities of calcite, clay, and 
organic carbon, resulting in lower NGR values and a lighter color (Figure F11D). We speculate 
that the higher MS of the sand-dominated lithologies may be due to siliciclastic grains coated with 
iron oxides. Interestingly, the amount of dolomite increases appreciably in Unit IV, particularly 
with the sandier intervals (Figure F17) and just above the Unit V dolostone. The variations in 
dolomite content in these sand-dominated lithologies are inversely related to calcite content and 
are positively correlated to changes in quartz and feldspar content, which could be attributed to a 
detrital origin of the dolomite in these sand-dominated lithologies. The detrital origin of dolomite 
in Unit IV is supported by the presence of detrital dolomite in the conglomerate (Figure F29C, 
F29D). Alternatively, this relationship may reflect a focusing of diagenetic dolomitization during 
burial of the coarser lithologies. Unlike the finer grained lithologies, the Unit IV sandy lithologies 
exhibit an inverse relationship between pyrite and organic matter (Figure F17). This inverse rela-
tionship may suggest that the pyrite in these sands was derived from reworking of previously 
deposited sediments or that the pyrite was formed in situ through microbial degradation of 
organic matter. Further analyses are needed to resolve the origin of pyrite in these sand-dominated 
lithologies, which may shed light on their depositional and burial conditions and the relative sedi-
ment accumulation rates.

3.6.4. Dominant sedimentary facies

3.6.4.1. Hemipelagic deposits
The clayey calcareous ooze, calcareous clay, calcareous mud, and calcareous silty mud deposits 
identified in the four upper units represent a deepwater sedimentary facies association character-
ized by poor sorting, common bioturbation, and no evidence of traction-current-generated struc-
tures, which corresponds to sedimentation in a pelagic or hemipelagic setting (Hüneke and 
Henrich, 2011; Stow and Smillie, 2020, de Castro et al., 2021). These facies can be considered to be 
the background sedimentation in the Site U1610 area, with a general increase in the amount of 
clayey calcareous ooze and a corresponding decrease in the amount of calcareous silty mud 
upward (Figures F10) from Unit IV to Unit III, although these lithologies are interstratified with 
other identified lithologies.

3.6.4.2. Contourite deposits
Evidence of bottom current (contouritic) processes and the occurrence of contourites are visible in 
Unit I with the vertical association of calcareous mud and calcareous silty mud in symmetric and 
asymmetric bigradational sequences (Figure F18A) that are characteristic of very fine grained 
contourites (Gonthier et al., 1984; Stow and Faugères 2008; Stow and Smillie, 2020). There is no 
evidence of bottom currents in Units II and III, but the top of Unit IV starts with clear bigrada-
tional sequences (Figure F18B) between 935 (Core 401-U1610A-48R) and 950 m CSF-A (Core 
49R), with the first bigradational sequence being relatively thick (~3.5 m). The calcareous silty 
sand and sandy silt deposits in Subunit IVa alternate, with gradual transitions and variable bed 
thicknesses, and are associated with bigradational sequences, lamination, and color (banding) in 
the central part of the subunit. In Subunits IVb and IVc, the occurrence of parallel and cross 
lamination, grain size and color variations (banding), and coarsening- and fining-upward trends, 
are also indicative of contourite deposits (Hüneke et al., 2021; Hernández-Molina et al., 2022; 
Rodríguez-Tovar, 2022; Rodrigues et al., 2022a, 2022b).
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3.6.4.3. Turbidites and reworked turbidites
The sharp basal contacts and normal grading (Figures F20, F23, F26) that are found in Units I, III, 
and IV and rarely in Unit II are evidence of a decelerating turbulent flow suspension fallout and 
deposition from a waning turbidity current (e.g., Bouma, 1962). Bioturbation occurs primarily 
toward the top of these turbidite deposits (Rodríguez-Tovar, 2022), and the preservation of wood 
fragments supports their link with rapid deposition by turbidity currents. The silty sands, very fine 
and fine sands, and sandstones are therefore interpreted to be deposits from low-density turbidity 
currents (Lowe, 1982; Stow and Piper, 1984; Postma, 1986; Stanley, 1988; Stow and Wetzel, 1990; 
Piper and Stow, 1991; de Castro et al., 2020, 2021; Hüneke et al., 2021; de Weger et al., 2021).

In Unit IV, there is evidence of reworking in the top, middle, and lower portions of most of the 
turbidite deposits (Figure F26). Parallel and cross lamination, grain size and color variations 
(banding), coarsening-upward trends (inverse grading), lenticular bedding, and wavy upper con-
tacts are commonly observed, consistent with turbidites partially or entirely reworked by bottom 
currents (Stanley, 1988; Shanmugam et al., 1993a, 1993b; Hüneke et al., 2021; Hernández-Molina 
et al., 2022; Rodríguez-Tovar, 2022; Rodrigues et al., 2022a, 2022b). Additional postcruise analyses 
will be required to characterize these deposits in more detail to differentiate between the sandy 
contourites and the reworked turbidites more clearly.

3.6.4.4. Debrites
The identified conglomerates (Figure F24) can be interpreted to be debris flow deposits (debrites) 
that commonly coexist with turbidites, contourites, and hemipelagic/pelagic deposits. Although 
debrites may occur over a wide range of depositional environments, their formation mainly relies 
on occasional synsedimentary instability. One possible source of the wide variety of clasts, includ-
ing shallow-water debris, in the conglomerates is the olistostrome, which is located around 10 km 
east-southeast from Site U1610 and contains a great variety of shallow-water and deepwater 
Mesozoic and Cenozoic lithologies (e.g., Maldonado et al., 1999). Further postcruise research 
should determine the source of these conglomeratic deposits.

3.6.5. Trace fossils
The moderately abundant and diverse trace fossil assemblages observed in all units of Hole 
U1610A (abundant Chondrites and Planolites, frequent Zoophycos and Thalassinoides; rare Palae-
ophycus; occasional Arenicolites, Asterosoma, Ophiomorpha, Phycosiphon, and Teichichnus; and 
locally abundant Macaronichnus), could be assigned to the Zoophycos ichnofacies. However, the 
abundance of Zoophycos is variable and in some cases sparse, so this assemblage may be associated 
with a distal expression of the Cruziana ichnofacies transitioning to the Zoophycos ichnofacies 
(MacEachern et al., 2007). Variable bioturbation intensity (BI = 4–0) can be interpreted in relation 
to changes in paleoenvironmental conditions in a deep-sea environment. The assemblage suggests 
favorable paleoenvironmental (i.e., ecological and depositional) conditions for macrobenthonic 
trace makers in terms of organic matter supply, sedimentation rate, and oxygenation (Rodríguez-
Tovar, 2022). However, where trace fossils are absent, this indicates unfavorable habitats. This is 
more common in the coarser grained intervals, where higher energy conditions may have pre-
vented bioturbation.

The local abundance of Macaronichnus in the calcareous fine sands of Subunit IVb is an important 
finding. This trace fossil is frequently associated with proximal shallow-water environments such 
as foreshore, shoreface, and delta-front deposits. However, Macaronichnus has recently been 
observed in Late Miocene contourites from the South Rifian Corridor (Morocco), associated with 
bottom water current dynamics and organic matter availability (Miguez-Salas et al., 2020). Typical 
mineralogical segregation in this trace fossil between the cylinder tube core (lighter minerals; 
black arrows in Figure F28C) and the surrounding rim (darker and heavy minerals; green arrows) 
means that the bioturbation resulted in significant changes in the petrophysical properties of the 
sand (i.e., enhanced porosity; Dorador et al., 2021; Rodríguez-Tovar et al., 2021; Miguez-Salas et 
al., 2022). Mineralogical segregation in Macaronichnus favors postdepositional cementation 
during diagenesis (Dorador et al., 2021).
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3.6.6. Cementation of the sandstones and conglomerate
The sandstones and conglomerate in Subunit IVb and the partially lithified sand in Subunit IVc 
contain variable amounts of calcite cement (Figures F24, F25, F27; Table T3). Sometimes the 
sandstones have a poikilotopic texture, with up to 30% calcite cement, whereas in other sandstones 
there is less calcite cement (10%). There is a slight positive correlation between the proportion of 
bioclasts and the proportion of cement, except for a moderately to poorly sorted sandstone, 
although this is based on a rather limited data set (Table T3). One possibility is that locally derived 
carbonate from more bioclast-rich sands was dissolved and then reprecipitated, enabling more 
rapid and earlier carbonate cementation in the pore space prior to much destruction of porosity 
due to burial. In contrast, in other intervals there was more compaction of the framework grains 
prior to calcite cementation. More detailed petrographic examination (e.g., point counting using 
thinner and better-polished thin sections) is required to corroborate this relationship.

Compared to the unconsolidated sands in Unit IV, the sandstones are generally coarser grained, 
better sorted, and more mature, without the high mud or clay content of the unconsolidated sands 
(Figures F25, F27). The partitioning of glauconite grains into layers in one sandstone (Section 401-
U1610A-75R-1 [TS13]) and quartz and bioclast into layers in another sandstone (Section 70R-1 
[TS11]) (Figure F25E–F25H), as well as the lack of mud in these lithified sandstones, are strong 
lines of evidence for transport by gravity currents into the deepwater environment, followed by 
winnowing, sorting, and reworking by bottom currents. This implies that the sandstones were 
deposited in a relatively high energy environment where the coarse lithologies were preferentially 
concentrated by bottom currents.

3.6.7. General sedimentary model
Site U1610A is located in the southern part of the Deep Algarve sedimentary basin in the Gulf of 
Cádiz (see Background and objectives; Figure F2). During deposition of Unit IV in the early to 
late Messinian (<6.9–7.1 Ma to around 5.78 Ma), the interplay of gravitational and bottom currents 
(contouritic) and pelagic/hemipelagic processes governed the evolution of a mixed (turbidite–
contourite) depositional system where the turbiditic deposits were reworked by bottom currents. 
The bottom current processes are associated with an intermediate water mass flowing along the 
middle slope of the margin, and two possible candidates should be considered: the Antarctic Inter-
mediate Water (AAIW) and/or the Mediterranean Overflow Water (MOW). There is strong evi-
dence of reworking from the base to the top of Unit IV (e.g., Cores 401-U1610A-48R and 49R). 
This mixed depositional system underwent long-term evolution from Subunit IVc to IVa, with a 
wide spectrum of features and deposits formed under synchronous and asynchronous interactions 
of gravity and contouritic processes (Mulder et al., 2008; Sansom, 2018; Fonnesu et al., 2020; Fuhr-
mann et al., 2020; Rodrigues et al., 2022a, 2022b). Turbidite deposits have been described in both 
the Guadalquivir Basin and the Deep Algarve Basin during the Messinian and are associated with 
continental margin progradation, tectonic instability, and relative sea level variations (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; Ng et al., 2022).

During deposition of Units III and II in the latest Messinian/Early Pliocene (5.78 to >4.52 Ma), an 
important change in the depositional style with respect to Unit IV took place, with the develop-
ment of hemipelagic deposits and very occasional very fine grained turbidites not affected by 
bottom currents. This result agrees with the previous interpretation for the upper part of the 
Messinian in the Gulf of Cádiz that proposed hemipelagic sedimentation during the late Messin-
ian (Expedition 339 Scientists, 2013a; Hernandez-Molina et al., 2016; van der Schee et al., 2016; 
Ng et al., 2021a, 2021b, 2022), but at Site U1610 it appears that this change happened earlier than 
previously documented based on seismic data on the same area (Ng et al., 2021a, 2021b, 2022).

Units III and II are both dominated by hemipelagic sediments with rare thin, fine-grained turbid-
ites. There is a conspicuous absence of evidence for bottom water current reworking and contou-
rite deposition. This is consistent with the hypothesis based on the interpretation of seismic data 
that the earliest Pliocene did not have any significant MOW influx and suggests an earlier precon-
tourite phase at this site (Llave et al., 2011; Brackenridge et al., 2013; Hernandez-Molina et al., 
2016). However, this hypothesis for the lack of bottom water current reworking and contourite 



R. Flecker et al. · Site U1610 IODP Proceedings Volume 401

https://doi.org/10.14379/iodp.proc.401.104.2025 publications.iodp.org · 44

deposition is contrary to other authors who considered the influence of MOW since the Miocene/ 
Pliocene boundary (e.g., Nelson et al., 1993, 1999; Maldonado et al., 1999).

During deposition of Unit I later in the Pliocene (5.04–4.52 to 3.57 Ma), bottom water current 
(contouritic) and pelagic/hemipelagic sediments dominate the succession. Similar Pliocene 
sequences observed elsewhere in the Gulf of Cádiz are considered to result mainly from MOW 
bottom currents (e.g., Nelson et al., 1999; Llave et al., 2001, 2011; Marchès et al., 2010; Roque et al., 
2012; Expedition 339 Scientists, 2013a; Hernandez-Molina et al., 2014a, 2014b; 2016; Rodrigues et 
al., 2020; among others).

4. Biostratigraphy
Hole U1610A was washed down with the intent to start retrieving samples from the lower Plio-
cene. Based on calcareous nannoplankton and foraminifers recovered from the topmost core 
catcher, an age between 3.61 and 3.57 Ma was estimated. Beneath this, a continuous series of cal-
careous nannoplankton and planktonic foraminifer events were recorded at Site U1610 (Figure 
F30). The presence of Globorotalia miotumida and Reticulofenestra rotaria at the bottom of the 
hole gives an age between 6.37 and ~7.2 Ma. During the Pliocene, sedimentation rates from the 
microfossil records show high values on the order of ~160 m/My (Figure F58; Tables T4, T5), 
which are corroborated by the estimated sedimentation rates derived from the paleomagnetic 
records (see Paleomagnetism). During the Miocene, the sedimentation rates are higher still, 
reaching values of at least 240 m/My (see Age model; Figure F58). The preservation of microfos-
sils was generally good with abundant calcareous nannofossils and planktonic foraminifers, 
although the concentration of planktonic foraminifers was low in most of the Late Miocene sam-
ples. Benthonic foraminifers were rare. It is also worth mentioning that some of the calcareous 
nannofossil bioevents recorded at this site, specifically the highest occurrence (HO) events, may 
have been affected by reworking and redeposition in younger strata.
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Figure F30. Planktonic foraminifer and calcareous nannofossil biostratigraphic events and estimated sedimentation rates, 
Hole U1610A. Events are plotted at their mean depth. LrO = lowest regular occurrence, S/D = sinistral/dextral.
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4.1. Calcareous nannofossils
We examined 95 core catcher samples from Hole U1610A. Additionally, selected samples were 
analyzed to constrain bioevents using only the marker species. Calcareous nannofossil assem-
blages were abundant and diverse, and preservation is good. Small placolith species (<3 μm) dom-
inate most of the assemblages. Input of fragmented siliceous fossils, siliciclastic grains, and pyrite 
framboids as sedimentary components varied from rare to common, whereas reworked (mainly 
Cretaceous and Paleogene) species varied from rare to few throughout all the sections (Table T6). 
Exceptionally, Samples 53R-CC and 54R-CC were characterized by the presence of common 
reworked (mainly Cretaceous and Paleogene) species. The lowermost two core catchers (Samples 
99R-CC and 100R-CC) were characterized by the presence of dolomitization and were almost bar-
ren of coccoliths.

A total of seven nannofossil datums defined and/or calibrated by Raffi et al. (2020 and references 
therein) and Hilgen et al. (2000) were identified in Hole U1610A (Table T5). The uppermost event 
recognized was the HO of Sphenolithus spp. (3.61 Ma) identified between Samples 401-U1610A-
7X-CC and 8X-CC (556.33 m core depth below seafloor, Method B [CSF-B]). It can be used to 
define the Piacenzian/Zanclean boundary. The lowest occurrence (LO) of Discoaster tamalis (3.8 
Ma) was identified between Samples 10X-CC and 11X-1, 85 cm (586.23 m CSF-A; 581.05 m CSF-
B). At this site, Discoasters occur randomly through the sedimentary succession; therefore, the 
events using this genus will be better refined by high-resolution counting. The HO of Reticulofe-
nestra pseudoumbilicus (3.82 Ma), considered to be a globally synchronous bioevent, was identi-
fied between Samples 11X-1, 85 cm, and 11X-2, 78 cm (585.75 m CSF-A; 584.29 m CSF-B). The 
HO of Ceratolithus acutus (5.04 Ma) was identified between Samples 23X-CC and 24X-CC 
(723.73 m CSF-A; 713.73 m CSF-B). The HO of Orthorhabdus rugosus (5.23 Ma) was identified 
between Samples 29X-CC and 30X-CC (781.80 m CSF-A; 771.73 m CSF-B). However, we use this 
bioevent with caution due to the scarcity of specimens in the samples analyzed. The LO of C. 

Table T4. Planktonic foraminifer biostratigraphic events and estimated sedimentation rates, Hole U1610A. LrO = lowest regular occurrence, S/D = sinistral to dextral 
change in coiling. Download table in CSV format.

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)

Sedimentation
rate

(m/Ma)

401-U1610A- 401-U1610A-
Disappearance Globorotalia puncticulata 3X-CC 4X-CC 514.90 524.60 519.75 524.43 534.39 529.41 3.57
HcO Globorotalia margaritae 14X-CC 15X-CC 611.90 621.60 616.75 611.90 622.21 617.06 3.98 213.77
LO Globorotalia puncticulata 19X-6, 39–41 19X-CC 668.24 670.10 669.17 668.13 670.24 669.18 4.52 96.54
HcO Neogloboquadrina incompta (sin) 47R-CC 48R-CC 934.50 944.20 939.35 934.50 938.17 936.34 5.78 212.02
HcO Globorotalia scitula dex 51R-CC 52R-CC 973.30 983.00 978.15 973.30 983.00 978.15 5.93 278.77
LrO Globorotalia margaritae 55R-CC 56R-CC 1012.10 1021.80 1016.95 1012.10 1021.80 1016.95 6.08 258.67
HcO Globorotalia miotumida 66R-2, 23–25 66R-3, 130–132 1110.81 1113.37 1112.09 1110.81 1113.37 1112.09 6.34 365.92
S/D coiling change of Neogloboquadrina incompta 66R-5, 102–104 66R-CC 1116.06 1118.80 1117.43 1116.06 1117.45 1116.76 6.37 155.50

Table T5. Calcareous nannofossil biostratigraphic events and estimated sedimentation rates, Hole U1610A. Download table in CSV format.

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)

Sedimentation
rate

(m/Ma)

401-U1610A- 401-U1610A-
HO Sphenolithus spp. 7X-CC 8X-CC 549.31 563.54 570.66 549.31 563.351 556.33 3.61 154.11
LO Discoaster tamalis 10X-CC 11X-1, 85 578.49 583.65 586.23 578.49 583.616 581.05 3.8 152.91
HO Reticulofenestra pseudoumbilicus 11X-1, 85 11X-2, 78 583.65 585.05 585.75 583.616 584.961 584.29 3.82 152.96
HO Ceratolithus acutus 23X-CC 24X-CC 709.0 718.82 723.73 708.9 718.551 713.73 5.04 141.61
HO Orthorhabdus rugosus 29X-CC 30X-CC 766.71 776.77 781.80 766.71 776.75 771.73 5.23 147.56
LO Ceratolithus acutus 30X-CC 31X-CC 776.82 786.01 790.61 776.8 786.01 781.41 5.36 145.78
HO Reticulofenestra rotaria 56R-CC 57R-2-CC, 145–147 1021.18 1024.73 1026.51 1021.18 1024.73 1022.96 5.94 172.21

Table T6. Calcareous nannofossil occurrences, Hole U1610A. Download table in CSV format.
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acutus (5.36 Ma) was placed between Samples 30X-CC and 31X-CC (790.61 m CSF-A; 781.41 m 
CSF-B). 

To help constrain the ages, we identified the HO of R. rotaria (5.94 Ma) (Theodoridis, 1984; 
Young, 1998; Wei, 2003; Raffi et al., 2003) between Samples 401-U1610A-56R-CC and 57R-2, 145–
147 cm (1026.51 m CSF-A; 1022.96 m CSF-B). However, this event needs to be used with caution 
because it is considered diachronous (Morigi et al., 2007). R. rotaria was identified throughout
Hole U1610A, including the very bottom (Sample 94R-6, 71 cm [1389.73 m CSF-A and CSF-B]), to 
the lowermost core catcher sample (95R-CC), which is almost barren in coccoliths and contains 
dolomite minerals with rhombohedral shape. Literature from the Mediterranean area indicates 
that the lowest common occurrence (LcO) of R. rotaria (astronomically dated in the age range of 
7.276–7.279 Ma) represents a reproducible secondary event useful for biostratigraphy for the lat-
est Tortonian interval (Morigi et al., 2007; Hilgen et al., 2000). Therefore, because R. rotaria was 
present, the age of the bottom of the hole has been considered younger than ~7.2 Ma (Morigi et 
al., 2007; Hilgen et al., 2000).

4.2. Planktonic foraminifers
The concentration of planktonic foraminifers in the sediments is generally low, probably due to 
the high siliciclastic content. In the Pliocene and the late Messinian, the preservation of planktonic 
foraminifers was good, although frequently they are filled with pyrite or glauconite. In the lower 
part of the hole, some of the foraminifers show a pale yellow color, probably due to major diage-
netic alteration resulting in mineral precipitation filling the shell interior. A detailed study of the 
mineral crystals inside the shell can help to understand the origin of the alteration. Some very rare, 
reworked foraminifers such as Rotalipora gandolfii from the Cretaceous or Morozovella from the 
Eocene were observed in some samples.

The Early Pliocene planktonic foraminifer assemblages are dominated by Globigerina bulloides, 
Neogloboquadrina incompta, Globigerinoides ruber, Globigerinoides extremus, Globorotalia 
puncticulata, and Globorotalia margaritae, whereas in the Messinian G. miotumida is dominant. 
A sequence of late Messinian–Early Pliocene planktonic foraminifer bioevents was recognized at 
this site. All core catcher samples were analyzed, and in some specific intervals, additional samples 
were taken to constrain the depths of the most important planktonic foraminifer events (Table T7).

The disappearance of G. puncticulata (3.57 Ma), the first event registered in this hole, was 
observed between Samples 401-U1610A-3X-CC and 4X-CC (mean depth = 519.75 m CSF-A; 
529.41 m CSF-B).

The highest common occurrence (HcO) of G. margaritae was used instead of the HO of the spe-
cies because this event can be better recognized in a low-resolution record. This event (3.98 Ma) 
was recorded between Samples 401-U1610A-14X-CC and 15X-CC (mean depth = 616.75 m CSF-
A; 617.055 m CSF-B).

Because a precise location of the LO of G. puncticulata is important to determine sediment age, 
three additional samples were taken from Core 401-U1610A-19X. The LO of this species was 
identified between Samples 19X-6, 39–41 cm, and 19X-CC (mean depth = 669.17 m CSF-A; 
669.184 m CSF-B). The acme of G. margaritae was not identified at this site. The species is fre-
quent in the sediments but never reaches the high percentages normally seen during this time 
period in other geographic locations. The absence of the acme of G. margaritae may be due to a 
gap in the sedimentary sequence or to the low sampling resolution that did not allow its recogni-
tion. The acme of this species in the late Messinian has been recorded in southwest Spain and 
northern Morocco between 5.55 and 5.84 Ma, respectively (Krijgsman et al., 2004, van den Berg et 
al., 2015). Locating the LO of G. margaritae can be difficult because this species may be sporadi-
cally present from the early Messinian, in this study we used its LcO (6.08 Ma). This species is 
regularly present in the planktonic foraminifer assemblage between Samples 55R-CC and 56R-CC 
(mean depth = 1016.95 m CSF-A; 1016.95 m CSF-B).

Table T7. Planktonic foraminifer occurrences, Hole U1610A. Download table in CSV format.



R. Flecker et al. · Site U1610 IODP Proceedings Volume 401

https://doi.org/10.14379/iodp.proc.401.104.2025 publications.iodp.org · 47

In the late Messinian, the sinistral/dextral coiling change of N. incompta (6.37 Ma) was recorded 
between Samples 401-U1610A-66R-5, 102–104 cm, and 66R-CC (mean depth = 1117.43 m CSF-
A; 1116.755 m CSF-B). The HcO of G. miotumida was recorded between Samples 66R-2, 23–25 
cm, and 66R-3, 130–132 cm (mean depth = 1112.09 m CSF-A; 1112.09 m CSF-B). This event is 
dated at 6.34 Ma in southwest Spain (Bulian et al., 2023) and northwest Morocco (Krijgsman et al., 
2004).

Based on the planktonic foraminifer assemblage from the lowermost nondolomitized core catcher, 
the bottom of Hole U1610A must be early Messinian, older than 6.37 Ma and younger than 7.24 
Ma, because we always found abundant G. miotumida.

4.3. Benthonic foraminifers
A total of 61 core catcher samples from Hole U1610A were processed and studied for the abun-
dance of more than 105 species of benthonic foraminifers (Table T8). The level of preservation of 
the benthonic foraminifers was noted, along with their abundance with respect to planktonic for-
aminifers; the presence or absence of other calcareous microfossils and detrital grains was also 
noted. The combined information from all studied samples documents the entire succession 
recovered at Site U1610.

Preservation of the foraminifers is good in the shallower cores to Sample 401-U1610A-36X-CC. 
Preservation deteriorates to moderate to poor in the deeper core catcher samples, especially below 
Sample 70R-CC. The >150 μm fraction of washed samples was analyzed, and in most of the sam-
ples benthonic foraminifer abundance was a bit less than planktonic foraminifers, indicating inter-
mediate depths. The planktonic (P) to benthonic (B) foraminifer ratio (%P = P/[P + B]) has been 
used as a marker of paleodepth (Grimsdale and Van Morkhoven, 1955; Van der Zwaan et al., 1990) 
because the number of planktonic foraminifers steadily increases with depth; however, there are 
limitations that need to be considered. The benthonic foraminifer abundance of some species var-
ies directly with availability of food and oxygen, affecting the planktonic to benthonic ratio 
(Milker, 2010). Depth marker species, like Ammonia beccarii, inhabiting the inner–middle shelf, 
and Oridorsalis umbonatus, inhabiting the middle–lower slopes, have also been used to determine 
the paleodepth (Hohenegger, 2005); however, transportation of shallow-water taxa can result in 
underestimation of water depth. The poor preservation of the foraminifers in Hole U1610A along 
with presence of shallow-water benthonic foraminifers like the genera Ammonia and Elphidium
and neritic fauna like coral fragments, echinoid plates, spines, bivalves, and bryozoans in the older 
sediments (in most cores from Cores 70R through 95R; Figure F31) indicates sediment reworking. 
Therefore, paleodepth could not be reliably determined.

Foraminifer preservation is very poor in Samples 401-U1610A-39R-CC, 49R-CC, 52R-CC, and 
53R-CC, and this interval also contains common occurrences of shallow-water benthonic assem-
blages including echinoid plates/spines, bivalves, and pyritized corals and high abundances of 
detrital material and mud nodules. Samples 58R-CC and 62R-CC contain considerable quantities 
of agglutinated detrital matter held together by calcareous cement. All of these could be indicative 
of downslope transport.

The abundance of elevated epibenthonic assemblages in the Gulf of Cádiz region have been used 
as an indicator for MOW (Schönfeld, 1997, 2002; Schönfeld and Zahn, 2000); their abundance is 
7%–18% in low-energy environments and increases to 60%–90% in high-energy environments. 
Hole U1610A shows elevated epibenthonic species like those of Cibicidoides spp. and Textularia
spp., and their total abundance remains between 20% and 40% in most samples. The epibenthonic 
abundance is highest (up to 60%) in Sample 73R-CC (Figure F31), which could be due to a high-
energy bottom water current.

The most common benthonic foraminifer species in Hole U1610A belong to the genera Bulimina, 
Cibicidoides, Globocassidulina, Melonis, Oridorsalis, Sigmoilopsis, Trifarina, and Uvigerina in 

Table T8. Abundance of benthonic foraminifer assemblages, Hole U1610A. Download table in CSV format.
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varying proportions. The species abundance of individual benthonic foraminifer species varies 
from abundant (>20%) to present (<1%). The Uvigerinids become dominant (~50% of total assem-
blage) (Figure F31) in Samples 27X-CC and 28X-CC in the organic-rich calcareous clay of Subunit 
IIb; Uvigerina peregrina is the dominant species in Sample 27X-CC, and in Sample 28X-CC a rel-
atively robust costate species, Uvigerina elongostriata, dominates. A study by Zhu (2001) related 
different species of the genus Uvigerina to high organic carbon input, whereas the slender costate 
forms dominate at shallower depths compared to the thicker and heavily costate forms (Guimer-
ans and Currado, 1999). The cyclic interbedding of calcareous clay, calcareous silty mud, and cal-
careous mud horizons in Cores 27X and 28X (see Lithostratigraphy) suggests that further study 
of these cores at a higher resolution may help us better understand the relationship of the Uviger-
inid abundance with changing lithologies.

5. Paleomagnetism
Paleomagnetic investigation of the 93 cores from Hole U1610A focused on demagnetization of the 
natural remanent magnetization (NRM) of archive-half split core sections and discrete samples of 
the working-half split core sections. Combined demagnetization results of split core sections and 
discrete samples were used to establish a preliminary magnetostratigraphy for Hole U1610A that 
was tentatively correlated to the most recent geomagnetic polarity timescale (GPTS 2020; Raffi et 
al., 2020).

Pass-through paleomagnetic measurements at Site U1610 were performed on all archive-half split 
core sections using the superconducting rock magnetometer (SRM). No pass-through measure-
ments were made on core catcher sections. Alternating field (AF) demagnetization was performed 
using the SRM by applying stepwise peak fields of 5, 10, 15, and 20 mT, with measurement of the 
remaining magnetization taken at 2 cm resolution after each step. Cores 401-U1610A-20X 
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Figure F31. Abundance of benthonic foraminifer assemblages in core catcher samples, Hole U1610A. Shallow-water ben-
thonic assemblage is composed of Ammonia spp. and Elphidium spp.; Cibicidoides spp. and Textularia spp. make up epiben-
thonic assemblage; Uvigerinids include Uvigerina peregrina, Uvigerina elongostriata, Uvigerina mediterranea, Uvigerina 
proboscidea, and Uvigerina hispida (Table T8).
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through 24X were measured at 5 cm resolution. SRM measurements were sporadically disturbed 
by the occurrence of artificial flux-jumps, and these results were removed from the database. SRM 
data were processed to remove all measurements that were made within 5 cm of the section ends, 
which are biased by measurement edge effects. A smoothing window of 1 m was used for the incli-
nation values to suppress the influence of data points that deviate significantly from the expected 
geocentric axial dipole (GAD) inclination (+56°) at the site latitude (36.4°N). The processed NRM 
inclination, declination, and intensity data after 20 mT peak field AF demagnetization is listed in 
U1610SRMafter20mT.xlsx in PMAG in Supplementary material.

In addition, a total of 279 discrete oriented plastic cube samples (7 cm3) were collected from the 
working-half sections of Cores 401-U1610A-2X through 76R using an extruder. A total of 57 cubes 
(8 cm3) were cut from the more indurated Cores 77R–94R with a double-bladed saw. For each 
core, 3–7 discrete samples were taken, avoiding visually disturbed intervals. First, the anisotropy 
of magnetic susceptibility (AMS) and bulk MS were measured on all samples using the MFK2 
KappaBridge instrument. After the AMS measurements, the NRM of 156 plastic cube samples 
was measured on the AGICO JR-6A spinner magnetometer. Stepwise AF demagnetization was 
performed at successive peak fields of 5, 10, 15, and 20 mT for Cores 2X–36X, and in some cases, 
additional steps of 25, 30, 35, and 40 mT were taken to better determine the characteristic mag-
netic component in the sections (Figure F32). For the rotary drilled Cores 37R–93R, AF demagne-
tization was performed at steps of 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, and 100 mT, typically until 
samples showed signs of acquiring a gyroremanent magnetization (GRM). Pass-through paleo-
magnetic measurements were performed on the sawed 8 cm3 cubes of Cores 77R–94R using the 
SRM by applying stepwise peak fields of 5, 10, 15, 20, 30, 40, 50, 60, 70, and 80 mT. The inclination 
data after 20 mT peak field AF demagnetization of the discrete samples on the JR-6A and the SRM 
are listed in Tables T9 and T10, respectively.

Figure F32. AF demagnetization results, Hole U1610A. Left: vector endpoints of paleomagnetic directions measured after 
each demagnetization treatment on an orthogonal projection (Zijderveld) plot. Examples of normal (positive inclinations) 
and reversed (negative inclinations) polarity are shown in left and right panels, respectively. Squares = horizontal projec-
tions, circles = vertical projections. Right: intensity variation with progressive demagnetization.
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Table T9. Paleomagnetic results of JR-6A spinner measurements of discrete samples after AF demagnetization at 20 mT, 
Hole U1610A. Download table in CSV format.
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5.1. Paleomagnetic signals
AMS results of Hole U1610A show Kmin directions that are tilted between 10° and 20° at a random 
azimuth (Figure F33). Assuming the rocks at Site U1610 have a sedimentary fabric, Kmin should be 
perpendicular to the bedding plane. This indicates either a significant dip of the strata or an 
inclined drilling orientation. Taking into account the seismic profiles of the area, which show a 
clear horizontal orientation of the strata in the upper part of the succession (Figure F6), we calcu-
lated the average inclination of Kmin for the uppermost 27 and lowermost 56 discrete samples, 
which is 75° and 73° from horizontal, respectively (Table T11). This suggests an inclined drilling 
direction of ~15° for Hole U1610A, in agreement with downhole inclinometer measurements (see 
Downhole measurements) and visual observations of tilted beds in the half cores. Accurate mea-
surements of the magnetic declination and/or inclination could, in principle, be used to calculate 
the azimuthal direction of the core and the borehole.

The NRM intensity in Hole U1610A ranges about 5.0 × 10−4 to 1.0 × 100 A/m, with noticeably high 
values between 950 and 1150 m CSF-B (Figure F34). The NRM removed below 10–20 mT is likely 
related to an overprint caused by the core drilling (Acton et al., 2002). Some sections showed sig-
nificantly deviated and scattered data points that may be due to the concentration of magnetic 
iron sulfides. In Hole U1610A, normal polarity intervals are typically easy to identify based on the 
SRM inclination records at 20 mT, only in the uppermost (500–537 m CSF-B) and lower (1018–
1390 m CSF-B) parts of the succession (Figure F34).

NRM intensities of the discrete samples range 1.3 × 10−5 to 4 × 10−2 A/m. Detailed analyses showed 
that, similar to the section-half demagnetizations, a normal polarity overprint component was 
generally removed between 0 and 20 mT, after which a second dual-polarity component remained, 
which we interpret to be the characteristic remanent magnetization (ChRM) component (Figure 
F32). The ChRM component of most samples was successively demagnetized at higher applied 
magnetic fields. Samples in the interval between 950 and 1150 m CSF-B commonly acquired a 
GRM at peak fields between 40 and 70 mT (Figure F32). This suggests the iron sulfide greigite is 
the dominant magnetic mineral between 950 and 1150 m CSF-B in Hole U1610A rocks (Roberts 
et al., 2011). Samples from other depth intervals in Hole U1610A show weak NRM and no GRM, 
together with ubiquitous pyrite particles, which are likely evidence of relict magnetic minerals (Liu 
et al., 2022). Demagnetization diagrams (Z-plots) from the discrete samples are mostly easy to 
interpret and the inclinations at 20 mT are generally robust, showing multiple magnetic polarity 

Table T10. Paleomagnetic results of SRM measurements of discrete samples after AF demagnetization at 20 mT, Hole 
U1610A. Download table in CSV format.

Figure F33. AMS determinations, Hole U1610A. Left: orientation of principal AMS axes Kmax, Kint, and Kmin. Dashed circle = 
average dip of Kmin axis interpreted as inclined drilling direction of ~15° for Hole U1610A. Right: shape factor of AMS ellip-
soid versus AMS degree.
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Table T11. AMS determinations for discrete samples from uppermost Cores 401-U1610A-2X through 14X and lowermost 
Cores 77R through 94R. Download table in CSV format.
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reversals (Figure F32). The inclinations of the discrete samples, however, do not always confirm 
the polarities suggested by the SRM inclination values measured on the archive-half core sections.

5.2. Magnetostratigraphy
Demagnetization results are plotted versus depth in Figure F34, and the inclination data from 
both SRM and discrete samples were combined to generate an integrated polarity pattern for Hole 
U1610A (Figure F34; Tables T9, T10; see U1610SRMafter20mT.xlsx in PMAG in Supplementary 
material).

The uppermost part of Hole U1610A (500–540 m CSF-B) clearly shows positive inclinations in 
both SRM and JR-6A records. In the following interval (540–830 m CSF-B), reversed directions 
are dominant and many SRM inclination values approach the expected antipodal GAD inclination 
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Figure F34. Paleomagnetic results, Hole U1610A. Red vertical line = GAD inclination at site latitude in normal polarity. 
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ity boundaries.
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at the coring site (−56°). Normal polarity intervals in this interval are unclear, and only few inter-
vals show successive inclinations at the expected GAD inclination. The results of the discrete sam-
ples are also scattered. We define tentative normal and reversed polarity zones when at least two 
successive inclination values are above 20° (normal) and below −20° (reversed), respectively (Fig-
ures F32, F34). Single polarity samples values above/below 20°/−20° are shown by a gray bar in the 
polarity column. The position of the reversal boundaries can then be determined between the 
stratigraphic levels of two opposite polarity samples (neglecting again all inclination values 
between −20° and +20°). Applying these criteria reveals a polarity pattern with two relatively long 
reversed intervals at 540–630 and 810–1010 m CSF-B, although it should be noted that especially 
the lower interval contains substantial intervals of positive inclination values in the SRM record 
that are unconfirmed by discrete sample measurements. The most logical correlation of these two 
long reversed intervals to the GPTS is to Chrons C2Ar and C3r, respectively. In between, the 
GPTS contains the four normal polarity chrons of C3n: Cochiti (C3n.1n), Nunivak (C3n.2n), 
Sidufjall (C3n.3n), and Thvera (C3n.4n). The corresponding interval in Hole U1610A contains 
three normal polarity intervals and two single normal polarity half intervals. The best-fit correla-
tion of the magnetostratigraphic pattern of Hole U1610A to the GPTS 2020 is that the thickest 
normal polarity interval at 755–808 m CSF-B correlates to Thvera (C3n.4n), the normal interval at 
722–732 correlates to Sidufjall (C3n.3n), and the normal polarity interval at 628–642 m CSF-B 
correlates to Cochiti (C3n.1n). The single polarity interval at 688–673 m CSF-B then best cor-
relates to Nunivak (C3n.2n) (Table T12). This further implies that the normal polarity interval at 
the top of Hole U1610A at 500–538 m CSF-B most likely correlates to the lowermost Gauss 
(C2An.3n) Chron. The long normal polarity interval (1018–1390 m CSF-B) remains equivocal. 
The magnetic signal there appears to be similar to other parts of the records showing stable polar-
ity components that gradually decay with AF demagnetization. The most logical correlation is to 
Chron C3An; from a paleomagnetic point of view there is no evidence that we reached levels older 
than 6.7 Ma in Hole U1610A (Figure F34).

The tentative magnetostratigraphic correlation of the polarity pattern of Hole U1610A to the 
GPTS can be used to calculate sediment accumulation rates for the different lithostratigraphic 
units (Figure F35). This curve indicates average accumulation rates of ~17 cm/ky for Lithostrati-
graphic Unit I (Pliocene), increasing downward to ~26 cm/ky for Unit II (Messinian Salinity Crisis 
interval), and >53 cm/ky for Unit III (Messinian).

Table T12. Magnetostratigraphic results showing depth estimates for correlative GPTS reversals, Hole U1610A. * = reversal 
depth is uncertain in our data. X = not measured. Download table in CSV format.

Site U1610 Hole U1610A

Chron
GPTS 2020 
Age (Ma)

JR-6A depth 
(m) Midpoint

SRM depth 
(m)

C2An.3n 3.60 536.9–539.3 538.1 X
C2Ar 4.19 623.6–632.2 627.9 X
C3n.1n (Cochiti) 4.30 637.5–647.4 642.4 X
C3n.1r 4.49 665.8–680.9 673.3 X
C3n.2n (Nunivak) 4.63 685.8–691.5 688.6 X
C3n.2r 4.80 719.7–724.9 722.3 X
C3n.1n (Sidufjall) 4.90 728.6–734.2 732.4 X
C3n.3r 5.00 748.6–762.5 755.5 X
C3n.1n (Thvera) 5.23 806.2–809.8 808.0 X
C3r 6.02 1013.2–1018.4 1015.8 X
C3An.1n 6.27
C3An.1r 6.39
C3An.2n 6.73 1320–1440* 1390.0
C3Ar 7.10
C3Bn 7.21
C3Br.1r 7.26
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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, with additional special safety protocols in place 
because some of the reflectors between 740 and 960 mbsf are known to be hydrocarbon seals 
regionally. These protocols required drilling to wait for headspace results prior to advancing, 
necessitating a 50 min delay for each core, or ~1 day additional drilling time. Hydrocarbons were 
found to be well below threshold safety levels and lower than those in Hole U1609A. The mea-
sured values may be useful to reassess risk and to inform future drilling in this region.

In total, 91 headspace samples from Hole U1610A (sampling resolution of one per core if recovery 
permitted) were analyzed (Figure F36; Table T13). Routine headspace sampling began at 508.2 m 
CSF-A (Section 401-U1610A-2X-3) at the base of the casing and continued until 1383.7 m CSF-A 
(Section 94R-3) in the last recovered core. Void space gases were also sampled opportunistically 
on the catwalk by piercing the core liner and extracting gases when void spaces were visible, some-
times at high pressures (e.g., Section 18X-3), through a valve into a syringe; 17 of these samples 
were collected across 563.9–1257.7 m CSF-A (Sections 9X-1 through 81R-4) (i.e., beyond the 
monitoring range). Although the absolute concentrations of void space gases are not meaningful 
and therefore not shown, the constituent gases and their relative abundances can be compared to 
that of the headspace gases.

In Hole U1610A, methane (C1), ethane (C2), and propane (C3) were typically detected in headspace 
and void space gases with additional measurable components of ethene (C2=), iso-butane (C4), 
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Figure F35. Sediment accumulation curve from tentative magnetostratigraphic correlations to GPTS 2020 (Raffi et al., 
2020), Hole U1610A. Squares with solid lines = well-established reversals, squares with dashed lines = uncertain ages. Ages 
are fitted to polynomial of 3° using least squares method.
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n-butane (C4), iso-pentane (C5), and n-pentane (C5) in some samples. Methane is dominant in all 
samples, ranging 1,172–17,473 parts per million by volume (ppmv) in headspace analyses, which 
is considerably lower than levels that are a concern for safety (monitored over 100,000 ppmv), as 
well as lower than concentrations measured in Hole U1609A. Methane concentrations and vari-
ability tend to increase with depth (Figure F36). The C1:C2 ratio ranges 194–4139 in headspace 
samples and 1080–3848 in the available void space samples (Figure F37). These concentrations of 
methane, ethane, and other volatile hydrocarbons do not present a drilling concern.

Downcore ethane is <53 ppmv and propane is <127 ppmv (Figure F36). Propane is dominant over 
ethane in two zones, 603.7–1017.7 m CSF-A (Sections 401-U1610A-13X-2 through 56R-5) and 
deeper than 1218.8 m CSF-A (Section 77R-3). Ethene was detected in a few isolated samples from 
700.7 to 847.2 m CSF-A (Sections 23X-2, 24X-2, 37R-2, and 39R-1). iso-butane and iso-pentane 
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Figure F36. Headspace methane, ethane, ethene, propane, iso-butane, and iso-pentane, Hole U1610A. Locations of oppor-
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Table T13. Gas concentrations, Hole U1610A. Download table in CSV format.
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were detected in two zones, 650–1050 m CSF-A and from 1150 m CSF-A to the base of the recov-
ered core, with maximum concentrations of 247 and 42 ppmv, respectively. n-butane and n-pen-
tane were not detected in headspace samples; however, n-butane was detected in four void space 
samples, and n-pentane was detected in one sample. The presence of iso-butane and iso-pentane 
was confirmed in the void space samples in which iso-butane and iso-pentane were present at 
greater abundances than the normal-chain counterpart (Sections 21X-2, 29X-5, 35X-5, and 81R-4) 
(Table T13). These gases appear to be of in situ biogenic origins.

The gas concentration profiles reveal two distinct zones where constituent gases >C2 appear, spe-
cifically propane, iso-butane, and iso-pentane (Figure F36), separated by a zone at 1050–1150 m 
CSF-A that contains only methane and ethane. Sediments in this zone are drier based on gamma 
ray attenuation (GRA) bulk density measurements (see Physical properties). It is possible that 
there are one or more zones of reduced porosity or permeability that explain the separation of the 
gases in the downcore profile, which could be established based on comparison to the Lithostra-
tigraphy and Physical properties data. This zonation of the gas profile shows barriers to gas 
migration, also seen in the liquid data based on the inorganic geochemical composition of intersti-
tial water (IW), which shows that fluid migration is somewhat restricted below 1050 m CSF-A. We 
also note low concentrations of methane and ethane hydrocarbons slightly shallower at 966.5 m 
CSF-A in Section 401-U1610A-51R-3. Although this could be an analytical artifact, we suspect it 
is a narrow zone that has already lost most of the evolved gases. We note that no IW was taken 
from Core 51R because of the brecciated nature of the sediments from drilling disturbance. These 
fractured and firmer sediments not only yielded low gas concentrations but also appear to present 
the shallowest barrier for diffusion based on the inorganic geochemical composition of IW above 
and below Section 51R-3 (see below).

6.2. Interstitial water chemistry
Two bottom water samples were taken, one during verification of the casing installation and one 
during reentry at the seafloor. IW was extracted from a total of 54 whole-round samples from Hole 
U1610A at a sampling resolution of one per XCB and RCB core when permitted by core recovery 
(Tables T14, T15). We note that no sample was taken from brecciated Core 401-U1610A-51R 
because of the inability to collect a sample without contamination (Figure F36). Water was 
extracted from all collected samples. When possible, the full suite of standard IW analyses was 
performed, although low volumes of extracted water for the deeper IW samples limited some of 
the analyses (especially alkalinity and pH determinations) and only salinity was measured on Sec-
tion 72R-1. Where possible, IW chemistry from Site U1610 is presented in comparison to the shal-
lower fluid profiles from Expedition 339 Sites U1386 or U1387 to provide context and comparison. 
The two Expedition 339 sites are approximately 30 km away and recovered IW samples from the 
uppermost 449 and 350 m, respectively, from younger sediments. Site U1610 only recovered cores 
below 500 m CSF-A, but many of the IW properties generally continue trends seen in the shal-
lower samples from Sites U1386 or U1387 (Figure F38).

6.2.1. Alkalinity, pH, and salinity
Alkalinity, pH, and salinity of the bottom water are 2.5 mM, 7.8, and 36, respectively, and are 
shown for comparison to the IW (Figure F39; Table T14). The bottom water salinity at Site U1610 
is one unit higher than the mudline sample at Site U1609 (salinity = 35). Even though Site U1610 
lies outside the core channels of the modern MOW, this higher salinity likely reflects the stronger 
influence of the MOW closer to the Mediterranean–Atlantic gateway (Sánchez-Leal et al., 2017). 
In the IW, alkalinity ranges 1.5–4.7 mM between 508.1 and 844.9 m CSF-A (Sections 401-
U1610A-2X-2 through 38R-5) and then declines to <1.5 below 869.4 m CSF-A (Section 41R-2). 
Values for pH are weakly negatively correlated with those for alkalinity, with a mean value of 7.7 
and a range of 7.5–8.0. The samples between 508.1 and 816.6 m CSF-A (Sections 2X-2 through 

Table T14. Geochemical properties measured for liquid phase, Hole U1610A. Download table in CSV format.

Table T15. Geochemical properties measured by ICP-AES for liquid phase, Hole U1610A. Download table in CSV format.
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35X-1) have lower pH than the modern bottom water, whereas those below 844.9 m CSF-A (Sec-
tion 38R-5) have similar or higher pH compared to the bottom water, with some exceptions (i.e., 
535.2 m CSF-A). Salinity ranges 32–34 between 508.1 and 816.6 m CSF-A (Sections 2X-2 through 
35X-1), followed by a notable increase from 35 to 59 between 844.9 and 1168.0 m CSF-A (Sections 
38R-5 through 72R-1). Within the generally smooth rise in salinity (considering measurements 
with only integer precision), there are more abrupt changes accompanied by an increased rate of 
salinity increase between Sections 50R-1 and 52R-5 (955.3 and 979.3 m CSF-A) and Sections 55R-
1 and 56R-3 (1003.8 and 1016.2 m CSF-A) that may indicate separation by low-permeability zones.

High salinities were also reported within the shallower settings and younger sediments collected 
at Expedition 339 Sites U1388 (maximum = 47), U1389 (maximum = 56), and U1390 (maximum = 

Figure F38. Comparison of several key IW chemical profiles to nearby Sites U1386 and U1387, Hole U1610A.
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101) (Expedition 339 Scientists, 2013b, 2013c, 2013d). Other chemical properties of these high-
salinity waters (e.g., Br and the Br/Cl ratio; see below) are consistent with the trend being largely 
driven by dissolution of halite rather than by a seawater-derived brine. A candidate source for the 
halite is the olistostrome unit (also known as the Allochthonous Unit of the Gulf of Cádiz), which 
contains Triassic-aged evaporites (Medialdea et al., 2004). Seismic stratigraphy places the olisto-
strome near the bottom of the drilled interval in Hole U1610A, so the source of the high-salinity 
waters at depth would be consistent with diffusion of waters laterally and upward that have been 
affected by mineral dissolution from that unit. A similar mechanism can be invoked for high-
salinity IW at Expedition 339 Sites U1388–U1390, which have thinner sediment accumulations 
overlying the olistostrome.

6.2.2. Major ions
Major ion concentrations (Na+, Cl−, Ca2+, Mg2+, K+, SO4

2−, and Br−) of IW were analyzed by ion 
chromatography (IC) (Table T14). Sodium and chloride show close covariation, including during 
the rise in salinity toward the bottom of the hole (Figure F40). Sodium and chloride concentra-
tions vary only 2% from the bottom water between 508.1 and 721.3 m CSF-A (Sections 401-
U1610A-2X-2 and 25X-2), followed by increases of approximately 80% by 1168.0 m CSF-A (Sec-
tion 72R-1). The Na/Cl ratios range 0.84–0.86, remaining close to that of the bottom water (Na/Cl 
= 0.86). Dissolution of halite would be expected to increase the Na/Cl ratio toward 1, so the slight 
decrease in Na/Cl for the high-salinity waters may reflect additional loss of Na to clays or zeolites, 
similar to the mechanisms proposed to interpret the Na profile and Na/Cl ratios at Site U1609. 
High-salinity waters at nearby Expedition 339 Sites U1388, U1389, and U1390 also show stable or 
decreasing Na/Cl ratios as low as 0.7, supporting the inference that an additional Na sink is pres-
ent in addition to the halite dissolution source (Expedition 339 Scientists, 2013b, 2013c, 2013d).

Calcium shows a gradual increase from a minimum of 10.8 mM at 520.6 m CSF-A (Section 401-
U1610A-3X-4) to 18.2 mM at 955.3 m CSF-A (Section 50R-1) before rising rapidly to a maximum 
of 36.9 mM at 1168.0 m CSF-A (Section 72R-1) (Figure F41). The transition between these two 
intervals with different rates of increasing Ca corresponds to a jump in salinity from 38 to 41 as 
well as a change in the concentrations of other species (e.g., Sr; see below), which may indicate a 
barrier to vertical diffusion of IW between Sections 50R-1 and 52R-5 (955.3–979.3 m CSF-A). 
Magnesium concentrations are relatively stable (21.5–26.5 mM) above 908.3 m CSF-A (Section 
45R-2) and increase to 39.8 mM at the bottom of the core. Potassium gradually declines from 
approximately 6 mM at 508.1 m CSF-A (Section 2X-2) to a minimum of 4.0 mM at 979.3 m CSF-A 
(Section 52R-5), followed by an increase to 5.4 mM at 1168.0 m CSF-A (Section 72R-1). The cal-
cium increase indicates carbonate dissolution at depth, with an additional source of calcium (pos-
sibly also from carbonate dissolution) associated with the high-salinity waters. Similarities in the 
magnesium and potassium trends could be related to clay formation/dissolution, and differences 
may reflect the additional influence of carbonate mineral reactions on magnesium concentrations.

Figure F40. IW sodium and chloride concentrations and Na/Cl ratios, Hole U1610A. Results from Site U1387 shown for com-
parison. Dashed line = bottom water values.
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Sulfate concentrations are less than 2.5 mM in the upper half of the core (above 816.6 m CSF-A; 
Section 401-U1610A-35X-1) and shift to 1.23–5.49 mM in the lower half of the core (below 844.9 
m CSF-A; Section 38R-5) (Figure F42). The sulfate–methane transition zone (SMTZ) was identi-
fied at both Sites U1386 and U1387 by sulfate depletion at 12.5 m CSF-A, and the low levels of 
sulfate throughout the IW samples at Site U1610A indicate that the cores at this site were similarly 
well below the SMTZ. Bromide concentrations are relatively constant with an average of 1.35 mM. 
The consistent Br concentrations downcore indicate that the rise in salinity is not related to water 
loss and resulting seawater brine concentration, which would produce similar trends in both chlo-
ride and bromide as well as other conservative elements.

6.2.3. Ammonium, phosphate, and total phosphorus
Ammonium and phosphate concentrations in IW were analyzed by spectrophotometry (Figure 
F43; Table T14). Ammonium concentrations range 4,892–6,770 μM between 508.1 and 1003.8 m 
CSF-A (Sections 401-U1610A-2X-2 and 55R-1) and then sharply increase to nearly 11,000 μM at 
1168.0 m CSF-A (Section 72R-1). Phosphate concentrations are less than 7.1 μM above 945.3 m 
CSF-A (Section 49R-1) and less than 2.5 μM below 979.3 m CSF-A (Section 52R-3). Total P mea-
sured by inductively coupled plasma–atomic emission spectroscopy (ICP-AES) is below the detec-
tion limit throughout the core (Table T15). Ammonium and phosphate should be released during 
respiration of organic matter in both the zones of sulfate reduction and methanogenesis, but 
although ammonium accumulates in the IW throughout both zones, phosphate commonly 

Figure F41. IW major cation concentrations (calcium, magnesium, and potassium), Hole U1610A. Results from Site U1387 
shown for comparison. Dashed line = bottom water values.
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Figure F42. IW major anion concentrations (sulfate and bromide), Hole U1610A. Arrow = depth of SMTZ, identified by 
sulfate dropping to 0 mM at Site U1387. Dashed line = bottom water values.
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appears to be drawn down in the methanogenic zone (e.g., Shipboard Scientific Party, 1996; Berna-
sconi, 1999). It is possible that authigenic apatite formation is promoted in this diagenetic environ-
ment (Murray et al., 1998), although the mechanism driving this process specifically within the 
methanogenic zone is not clear.

6.2.4. Trace elements (Li, Si, Ba, B, Sr, Fe, and Mn)
Trace element concentrations in IW were analyzed by ICP-AES (Table T15). Silicon shows a sim-
ilar depth profile to alkalinity, roughly inverse to pH, which could indicate authigenic clay precipi-
tation in the deeper part of the core (Figure F44). In contrast to the behavior seen at Site U1609, 
lithium has a different depth profile than silicon at Site U1610: Li concentrations increase from 
186 μM at 508.1 m CSF-A (Section 2X-2) to approximately 300 μM across 576.0–603.6 m CSF-A, 
before decreasing to a local minimum of 183 μM at 897.1 m CSF-A and then increasing to 472 μM 
at 1063.3 m CSF-A. High Li concentrations at Site U1610 may be attributed to clay diagenesis or 
local terrigenous sources with high Li content, with the possibility of additional clay diagenesis 
accompanying the high-salinity waters at the bottom of Hole U1610A (Shipboard Science Party, 
1996; Scholz et al., 2010).

Barium concentrations fluctuate between 31 and 124 μM, likely reflecting variable barite solubility 
(note the hyperbolic relationship between Ba and sulfate concentrations) (Figure F45). Boron con-
centrations range 92–566 μM. Apart from a few scattered high values, the general trend is from 

Figure F43. IW major nutrient concentrations (ammonium and phosphate), Hole U1610A. Results from Site U1387 shown 
for comparison (phosphate was not reported at Site U1387).
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Figure F44. IW minor element concentrations (Li and Si), Hole U1610A. Results from Sites U1386 and U1387 shown for 
comparison. Dashed line = bottom water values.
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<200 μM at the top of the hole gradually increasing to 326 μM at 700.6 m CSF-A (Section 401-
U1610A-23X-1), followed by a gradual decrease to ~200 μM. Strontium concentrations increase 
gradually from 267 (Core 2X) to 399 μM at 955.3 m CSF-A (Section 50R-1) and then much more 
rapidly to 1184 μM at 1063.2 m CSF-A (Section 61R-2). The similar depth profiles of strontium 
and calcium reflect carbonate diagenesis, including dissolution and/or recrystallization associated 
with the high-salinity waters. The transition between Sections 50R-1 and 52R-5 (955.3–979.3 m 
CSF-A), below which Ca and Sr concentrations rise steeply, likely includes an interval of low per-
meability that limits vertical diffusion of fluids, as noted when describing hydrocarbon profiles 
(above). Although Core 51R was not sampled for IW because of the firm and brecciated nature of 
the sediments, gas concentrations are low at 966.5 m CSF-A (Section 51R-3), consistent with an 
interval of low porosity/permeability. Visual inspection of foraminifers indicates a sepia color and 
other aspects of less good preservation or infilling at and below Core 54R, with the poorer preser-
vation dominantly noted below Core 86R, especially in horizons that are associated with coarser 
turbiditic deposits. The alternating preservation between samples being apparently dependent on 
lithology and depositional environment means that in situ preservation does not explain the 
observed IW trends, but rather a smooth curve of Ca and Sr concentrations appears to show a 
diffusion profile from carbonate degradation at depth with some upward barriers to migration as 
previously described.

Iron concentrations are less than 1.1 μM throughout Site U1610. Manganese concentrations shift 
from <1 μM to a maximum of 2.6 μM at ~1000 m CSF-A, implying changes in redox conditions 
below this depth (Figure F46). However, the signal is not consistent or strong enough to confi-
dently ascribe this to the same fluid migration patterns described for gases, salinity, and Sr.
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Figure F45. IW minor and trace element concentrations (Ba, B, and Sr), Hole U1610A. Results from Site U1387 shown for 
comparison. Dashed line = bottom water values.

Figure F46. IW trace element concentrations (Fe and Mn), Site U1610A. Results from Site U1386 shown for comparison. Fe 
and Mn concentrations below detection limit are plotted as 0 μM.
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6.3. Sedimentary geochemistry
Sediment samples were collected for analysis of solid-phase geochemistry at a resolution of one 
sample per core when recovery permitted in Hole U1610A (Table T16). For Cores 401-U1610A-
2X through 61R as well as Core 72R, these samples came from a fraction of the IW squeeze cake 
residue. Additional samples were taken at a rate of one sample per core below Core 62R, with some 
additional samples to identify the geochemical variation across cycles in color and different lithol-
ogies identified by the shipboard sedimentologists.

6.3.1. Calcium carbonate
Overall, CaCO3 ranges 25.4–79.8 wt% (Figure F47; Table T16) with a mean of 35.3 wt% and a 
standard deviation of 7.3 wt%. Standard reproducibility was 1.12 wt% (n = 13). CaCO3 is generally 
relatively invariant at Site U1610, with most samples ranging within 28–40 wt% downcore. Some 
samples with high carbonate were detected in both routine sampling from IW squeeze cake resi-
dues as well as discrete samples selected based on visual core inspection. In the routine squeeze 
cake sampling, carbonate concentrations higher than 40 wt% are only recorded between 869.4 and 
897.1 m CSF-A (Sections 401-U1610A-41R-2 through 44R-1), peaking at 51.1 wt% at 872.7 m 
CSF-A in Section 41R-5. A sample of clayey calcareous ooze specifically targeted for sampling at 
1055.3 m CSF-A in Section 60R-4 yielded 50.4 wt% CaCO3 (Figure F48). Lower values of 25.7, 
25.4, and 26.4 wt% are recorded at 1091.7, 1106.6, and 1116.5 m CSF-A (Sections 64-2, 65R-5, and 
66R-5). We note an apparent increase in the average CaCO3 below Section 68R-3: average of 37.9 
wt% between 1132.1 and 1363.8 m CSF (Sections 68R-3 through 92R-2). Discrete high values in 
this interval are 67.8 wt% at 1148.9 m CSF-A (Section 70R-1), 43.7 wt% at 1198.4 m CSF-A (Sec-
tion 75R-2), 42.1 wt% at 1330.8 m CSF-A (Section 88R-6), and 40.5 wt% at 1353.2 m CSF-A (Sec-
tion 91R-2). The base of the core includes 3 carbonate-rich samples, ~50 wt% CaCO3 recorded in 
Sections 93R-2 and 94R-2 and 79.8 wt% recorded at 1389.7 m CSF (Section 94R-CC) in a sample 
identified lithologically as a dolostone (see Lithostratigraphy). For samples containing dolomite 
rather than calcite, the standard coulometry calculations assuming a composition of calcium car-
bonate will overestimate the weight percent carbonate by approximately 8% because of the lower 
mass of magnesium relative to calcium. Applying a correction for dolomite, Sample 94R-CC 
instead would reflect 73.4 wt% dolomite, which agrees well with the amount of dolomite deter-
mined from the XRD spectra (Figure F49). For other samples containing a mixture of dolomite 
and calcite (dolomite is generally <10% of the total carbonate fraction), the correction is minor. 

Table T16. CaCO3, organic carbon, and nitrogen in sediments, Hole U1610A. Download table in CSV format.

Figure F47. CaCO3, organic carbon, nitrogen, and C/N in sediments, Hole U1610A.
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There also appears to be a grain size bias during determination of carbonate for either (or both) 
coulometry or XRD analysis, although the mechanism is not known: sandy samples systematically 
show higher carbonate determination for coulometry than for XRD (Figure F49).

A weak correlation between CaCO3 and NGR measurements (Figure F50) suggests that most of 
the variability in NGR is unrelated to carbonate content and instead is perhaps controlled by 
quartz/silica abundance, with the exception of the very high carbonate samples such as those 
described at the base of the core. Some of the range in carbonates may be missed when based on 
IW sampling, but targeted sampling performed below the limits of IW sampling (below Core 401-
U1610A-61R) may have been more effective at capturing the full range of variation. MS has a less 
clear relationship with CaCO3, although it appears that the carbonate fraction within the sedi-
ments may dilute the magnetic mineral fraction within the sediments (Figure F50).

Figure F48. Comparison of carbonate geochemistry results, Hole U1610A. Symbol color indicates lithology of sample or lithology found immediately above and 
below IW whole-round sample; where they differ, interior color shows lithology above and exterior color shows lithology below.

94R−CC

20 40 60

Carbonate Mg/Ca
(mmol/mol)

0 1 2 3

Carbonate Sr/Ca
(mmol/mol)

0 2 4 6 0 2 4 6

Carbonate Mn/Ca
(mmol/mol)

94R−CC

Carbonate Fe/Ca
(mmol/mol)

0 25 50 75 100
500

600

700

800

900

1000

1100

1200

1300

1400

Calcium carbonate
(wt%)

Clayey calcareous ooze

Calcareous clay

Calcareous mud

Calcareous silty mud

Sand/Silt

Dolostone

D
ep

th
 C

S
F-

A 
(m

)

Figure F49. Relationship between carbonate weight percent determined by analysis of XRD spectra and coulometry, Hole 
U1610A. Symbol color indicates lithologies found immediately above and below IW whole-round sample; where they differ, 
interior color shows lithology above and exterior color shows lithology below. 1:1 line = conversion of inorganic C mea-
sured during coulometry to CaCO3, lower dashed line = overestimate of carbonate weight percent for sample composed of 
CaMg(CO3)2 (dolomite).
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6.3.2. Carbon and nitrogen
Organic carbon ranges 0.25–1.42 wt% (mean = 0.65 wt%; standard deviation = 0.22 wt%; n = 106) 
(Table T16). Higher carbon contents occur in discrete samples, with an increasing trend deeper 
than 1100 m CSF-A (Figure F47). Total nitrogen (TN) ranges 0.03–0.08 wt% (Figure F47; Table 
T16). Standard reproducibility was 0.02 wt% for N and 0.08 wt% for C (n = 12). C/N (using total 
organic carbon [TOC] and TN) ranges 4.0–24.8 (mean = 8.8 wt%; standard deviation = 3.4 wt%, n
= 105); one sample has TN below detection level and thus C/N is not reported, but this result 
implies terrestrial sourcing (Emerson and Hedges, 1988; Meyers, 1997). Low C/N values (4–10) 
suggest marine-sourced organic carbon, with terrestrial sources typically having values of 20–30; 
however, C/N ratios increase with organic matter degradation. The range of values observed at 
Site U1610 suggests dominantly marine organic matter, as expected in a marine environment with 
variable terrestrial input (Figure F47). Prominent terrestrial additions resulting in C/N ratios 
between that of marine and terrestrial end-members are noted deeper than 1000 m CSF-A (e.g., in 
Sections 401-U1610A-58R-5, 59R-5, 62R-2, 63R-2, 67R-3, 70R-1, 78R-3, 80R-3, and 94R-CC). In 
some cases, including in Sample 94R-CC, macroscopic woody debris was noted in the coarse sed-
iment fraction (see Biostratigraphy and Lithostratigraphy). Only in Sample 94R-CC can the C/N 
ratio be interpreted to be purely terrestrial organic matter with negligible marine organic input if 
fresh. However, this sample is also noted to have poor foraminifer preservation, and the organic 
matter is likely also highly degraded, which would result in the loss of proteins (containing N) and 
thus increase C/N, masking the marine component in the resulting C/N values.

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 T17). Because variable amounts of carbonate are present in each sample, the 
carbonate geochemistry data are reported as elemental ratios relative to calcium. The carbonate 
Mg/Ca ratios are generally between 6 and 15 mmol/mol for the uppermost 900 m of Hole U1610A 
with a few higher values up to 23 mmol/mol (Figure F51). These ratios correspond to a carbonate 
mineral fraction containing the equivalent of 1%–3% dolomite, which is less than the abundance of 
dolomite estimated from XRD analysis (Figure F49). Deeper in the core, carbonate Mg/Ca ranges 
approximately 8–35 mmol/mol with a few higher values up to 70 mmol/mol (Sample 401-
U1610A-75R-2, 54–55 cm). Sample 94R-CC, 45–50 cm (1389.7 m CSF-A), was identified as a 
dolostone and has a Mg/Ca ratio of 0.74 mol/mol, indicating that it is not a pure stoichiometric 
dolomite. Carbonate Sr/Ca ratios show a broadly inverse trend to the Mg/Ca ratios, with a baseline 
value around 2.0 mmol/mol that decreases to 1.0–1.5 mmol/mol during intervals of higher Mg/Ca 

Figure F50. Relationships between carbonate weight percent, NGR, and MS, Hole U1610A. NGR and MS measurements 
represent closest analysis to carbonate sample (usually within 15 cm). cps = counts per second.
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Table T17. Carbonate fraction geochemistry, Hole U1610A. Download table in CSV format.
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(Cores 45R–71R) (Figure F51). The Sr/Ca ratios show a dependence on lithology, with lower Sr/Ca 
ratios generally present in silty and sandy samples relative to mud- and clay-rich lithologies, espe-
cially below Core 70R. Some of the sandier samples with low Sr/Ca also have higher Mg/Ca ratios. 
These geochemical patterns likely reflect the impact of carbonate diagenesis, although detrital 
carbonate grains may also contribute to the observed signal. The dependence on lithology is also 
consistent with diagenesis because sandier intervals often have greater porosity and permeability, 
which can permit more intense carbonate diagenesis relative to finer grained lithologies. These 
diagenetic effects cannot be linked to the geochemical observations of the modern IW samples, 
which do not show corresponding intervals of consumption/release of Mg and Sr but instead must 
have occurred previously, possibly during shallow burial and the early diagenetic window.

Carbonate Mn/Ca ratios range 0.5–1.4 mmol/mol in the uppermost 900 m of Hole U1610A before 
increasing to approximately 1.0–1.7 mmol/mol between approximately 900 and 1080 m CSF-A, 
where a few samples show significantly higher Mn/Ca ratios up to 6.2 mmol/mol (Cores 401-
U1610A-45R and 63R) (Figure F52). Deeper in the core, ratios stabilize around 1.2 mmol/mol, 
again with a few higher values up to 3.3 mol/mol. There is a dependence on lithology, with finer 
grained material (oozes, clays, and muds) showing higher Mn/Ca ratios than coarser grained lith-
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Figure F51. Carbonate Mg/Ca and Sr/Ca, Hole U1610A. Arrow = where 94R-CC, 45–50 cm, lies off scale of axis (Mg/Ca 
ratio = 737 mmol/mol).
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Figure F52. Carbonate Mn/Ca and Fe/Ca, Hole U1610A. Arrow = where 94R-CC, 45–50 cm, lies off scale of axis (Fe/Ca ratio = 
41.8 mmol/mol).
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ologies. The dolostone sample (94R-CC, 45–50 cm; 1389.7 m CSF-A) does not have anomalously 
high Mn/Ca ratios.

Carbonate Fe/Ca ratios are generally less than 0.6 mmol/mol in the uppermost 900 m with one at 
1.0 mmol/mol. Below 900 m CSF-A, Fe/Ca generally range 1.0–2.5 mmol/mol with a couple of 
higher values reaching 6.8 mmol/mol (Figure F52). These ratios are equivalent to 0.01%–0.3% 
siderite in the carbonate fraction, which is much less than the ~5%–10% siderite (relative to the 
sum of all carbonate minerals) estimated from XRD analysis; it is possible that slow dissolution 
kinetics of siderite or oxidation reactions prevented accurate quantification of the iron carbonate 
fraction or that the XRD estimates systematically overestimate the abundance of the low-
abundance carbonate minerals (both dolomite and siderite) relative to calcite. Fe/Ca ratios are 
generally higher in the coarser grained lithologies. The dolostone sample (401-U1610A-94R-CC, 
45–50 cm; 1389.7 m CSF-A) has the highest Fe/Ca ratio of 41.8 mmol/mol. Apart from the dolo-
stone sample, the Fe/Ca ratios are weakly positively correlated with Mg/Ca and Mn/Ca ratios and 
negatively correlated with Sr/Ca ratios, suggesting that all these geochemical patterns are related 
to carbonate diagenesis associated with anoxic subsurface environments.

In summary, we find that the fluid and sedimentary profiles at this site indicate distinct zones 
within the core defined by more/less terrestrial sourced solids, more/less pore water influence 
from the olistostrome, and variable degradation of solid constituents, depending on lithology and 
depositional setting. Some barriers to permeability in the middepths of the profile preserve a sep-
arate fluid environment above 955.3 m CSF-A (Section 401-U1610A-50R-1), with salinities nota-
bly higher than seawater below.

7. Physical properties
Physical properties at Site U1610 were determined at 2.5 cm spacing on the Whole-Round Multi-
sensor 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]). Thermal conductivity probes were applied on one section 
per core, with the chosen interval selected based on core cohesiveness and relative lithologic 
homogeneity. P-wave velocity was obtained on split core sections (working half ) and/or cubic 
specimens (from Cores 401-U1610A-74R through 94R). To determine whether lithologic cycles 
correlated with changes in density, porosity and/or any other petrophysical property, 1 or 2 dis-
crete samples were taken from each core for moisture and density (MAD) and/or P-wave caliper 
(PWC) measurements. MAD measurements were initially measured on cylindrical specimens for 
Cores 2X–73R but switched to cubic specimens from Cores 74R–94R. The same cubic specimens 
were used for P-wave velocity and MAD measurements to preserve as much of the working-half 
core as possible.

A few clear changes are visible in most or all of the physical properties data sets. A good example 
is the uphole increase in the range of variation in NGR, reflectance, and RGB color that occurs at 
700 m CSF-B (Figure F53), coinciding with the Lithostratigraphic Unit I/II boundary (Figure F11; 
see Lithostratigraphy). However, some of the prominent changes in one physical properties data 
set are not seen in others. The shape of the obvious peak in MS between 950 and 1000 m CSF-B is 
not clearly mirrored in the other records. Overall, changes observed in the various physical prop-
erties data sets typically correlate well with the lithostratigraphic unit and subunit boundaries.

7.1. Magnetic susceptibility
The broad pattern of the MS record in Hole U1610A can be split into three main intervals (Figure 
F53): (1) the uppermost 500–950 m, which displays 2–7 m thick small-amplitude cycles with min-
imal trend, (2) 950–1000 m CSF-B, where a central prominent peak in values with higher ampli-
tude variability is evident, and (3) the interval between 1100 m CSF-B and the bottom of the hole, 
characterized by discrete low-amplitude packages that are 50–100 m thick.

In detail, there are more subtle changes, for example, a downhole increase in the thickness of the 
striking cyclicity at ~700 m CSF-B. Cycles in the uppermost 700 m are ~2–5 m thick, whereas 
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those between 700 and 800 m CSF-B are ~5–7 m thick (Figures F53, F58; see Age model). This 
change corresponds to the Lithostratigraphic Unit I/II boundary, which marks the decrease in 
deposition of calcareous silty mud sediments (Figure F9). The relationship between MS and NGR 
changes at 800 m CSF-B. Between 685 and 800 m CSF-B, high MS corresponds to low NGR and 
vice versa (Figure F54A); however, below 800 m CSF-B, high MS corresponds to high NGR and 
vice versa (Figure F54B). The change in the phasing of MS–NGR cycles at 800 m CSF-B is also 
marked by a prominent change in the amplitude of reflectance and color variability (Figure F53) 
and corresponds to the shift to higher siliciclastic input that occurs at the transition from Subunit 
IIb to Subunit IIc (Figure F53).

7.2. Gamma ray attenuation bulk density
Average GRA density varies from ~1.9 to 2.4 g/cm3 in Hole U1610A (Figure F53). Gaps between 
sediments and surrounding core liners for the XCB and RCB cores impact the bulk density values 
measured on the WRMSL. The scale of the deviation of the GRA bulk density values from the real 
value (taken to be the MAD bulk density) depends on the scale of the gap, where wider gaps 
between the sediment and the liner result in lower GRA densities. This issue affects the Hole 
U1610A data most clearly from Core 401-U1610A-38R downward, where there is a large differ-
ence between GRA and MAD bulk density values (Figure F55). This is probably the reason why 
the GRA density values do not show the typical compaction-driven increasing trend with depth 
and indicates that GRA bulk density values are less reliable than the MAD bulk density.
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7.3. Natural gamma radiation 
Both the amplitude and frequency of the NGR variability change downhole in Hole U1610A. A 
well-defined change at ~700 m CSF-B shows higher amplitude regular cycles above and lower 
amplitude more variable fluctuations below (Figure F53). The prominent step at 980 m CSF-B is 
likely a function of a core liner gap that is clearly visible in the GRA density data. Below this, the 
amplitude and frequency of the cycles is larger from 1150 m CSF-B to the bottom of the hole.

Figure F54. MS; GRA; NGR; and L*, a*, and b* color variation, Hole U1610A. A. 515–540 m CSF-B. Note how MS, GRA, L*, and 
a* peaks (red arrows) correlate to troughs (blue arrows) of NGR and b*, and vice versa. B. 880–900 m CSF-B. Note how MS, 
GRA, and NGR peaks and troughs are in phase with one another. Correlation with color is less clear, but generally it appears 
that peaks/troughs in MS, GRA, and NGR correlate to troughs/peaks of L* and a*. b* values appear to switch between in- 
and out-phase with other data series depending on depth. cps = counts per second.
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Spectral potassium, uranium, and thorium contents were extracted from the original NGR spectra
(De Vleeschouwer et al., 2017) (Figure F56). All three components show the same long-term vari-
ations as total NGR count; however, the amplitude of the thorium cycles at the top of the core
(500–800 m CSF-B) is subdued relative to uranium and potassium.

7.4. Spectrophotometry
The color of most of the sediments in Hole U1610A is gray (GLEY1 5/10Y and 10Y 5/2; see Litho-
stratigraphy); however, subtle variations are visible in the digital color data. The main features of
the lightness (L*), green–red (a*), and blue–yellow (b*) color variation records are a change in fre-
quency and amplitude at 700 m CSF-B that corresponds to the Unit I/II boundary; a change in
amplitude at 800 m CSF-B that reflects the onset of siliciclastic input (Figure F9) in the Early Plio-
cene; a sharp decline in L* and to a lesser extent a* from 880 to 900 m CSF-B; and an interval with
high-amplitude variability at 1150–1200 m CSF-B. These correspond to the hard, pale, coarse-
grained sandstones in Subunit IVb (Figure F9).

Figure F55. Thermal conductivity, MAD, GRA bulk density, grain density, and porosity, Hole U1610A. Porosity was obtained
during MAD measurements. Gray dots in thermal conductivity = single nonaveraged value triple measurements.
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Spectrophotometry results from Hole U1610A display similar patterns to the other measured 
physical properties (Figure F53). The range of lightness and color changes is in general quite small. 
Like MS, GRA density, and NGR, color is dominated by short cycles with wavelengths ranging 
~3–5 m (Figure F54), except for the interval shallower than 700 m CSF-B which has thicker cycles. 
As expected, color data show little to no change at the shift from XCB to RCB coring. Except for 
Units III and IV, the L* and a* variations appear to generally be in phase with one another (lighter 
sediments are also slightly less green). Additionally, both values appear to be generally in phase 
with MS, implying that higher MS corresponds to lighter sediment and vice versa. By contrast, b* 
appears to have a generally inverse relationship with the other three values, implying that higher 
MS more commonly corresponds to slightly bluer sediment.

The color values of Unit I are characterized by high-frequency ~3–5 m cycles in all three data sets 
(Figure F54). The uppermost 115 m of Unit II (685–800 m CSF-B) is characterized by a shift to 

Figure F56. NGR measurements, Holes U1610A. Corresponding three NGR components (potassium, uranium, and thorium) 
extracted from total NGR counts using shipboard codes based on method described by De Vleeschouwer et al. (2017). Ratio 
of thorium to uranium content is also shown. cps = counts per second.
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lower amplitude and lower frequency (~5–7 m) cycles in L* and a* values. By contrast, b* values 
shift to ~5–7 m cycles with no noticeable change in amplitude. Like the MS data set, all three color 
values return to a shorter (~3–5 m cycle) signal below 800 m CSF-B that remains the dominant 
frequency for the remainder of the core.

A noticeable peak in L* and a* values (toward lighter and redder colors) occurs in the lower por-
tion of Unit II at ~900 m CSF-B. b* values show no corresponding peak or trough (Figure F53).

From 900 m CSF-B to the Unit III/IV boundary (1130 m CSF-B), L* shows a marked decrease in 
values with little amplitude variation. By contrast a* values steadily rise at the Unit III boundary, 
whereas b* values show little to no variation outside of the high-frequency cycles (Figure F53). 
This is notable because it implies that the increase in MS values within Unit III only corresponds 
to an increase in redness. Units IV and V show a change to high-amplitude/high-frequency cycles 
with a subtly negative and positive secular trend for the L* and a* values with depth. Notably, L* 
values have a sharp trough approximately at the Unit IV/V boundary (1295 m CSF-B). b* values 
display both higher median values (yellower color) and higher amplitudes in Units IV and V, per-
haps reflecting the varying degrees of dolomitization in these lithostratigraphic units (see Litho-
stratigraphy).

7.5. Thermal conductivity
At Site U1610, thermal conductivity was measured in triplicate at one position per core, mostly in 
Section 2, using half-space probes (H51033 and H11080). A different section was measured when 
Section 2 was cracked or fragmented or when there were multiple lithologic variations along the 
sedimentary record.

The values for thermal conductivity at Site U1610 range 1.29–4.31 W/(m·K) (Figure F55), which is 
higher than the range of values obtained from nearby sites, including Site U1609 (this expedition) 
and Site U1391 (Expedition 339 Scientists, 2013e), as may be expected from the higher degree of 
compaction and lithification in the deeper levels of this site. The values obtained at Site U1610 are 
low and relatively constant between 500 (top of the core) and ~900 m CSF-B (Units I–III), with an 
average of 1.64 W/(m·K). At depths greater than 900 m CSF-B, the thermal conductivity data are 
more varied, with a higher average value (2.40 W/[m·K]) between ~900 and ~1300 m CSF-B (Fig-
ure F55). The highest values are found between 1130 and 1160 m CSF-A. Recovery from this 
interval is poor, but what was recovered were coarse, well-cemented sandstones and conglomer-
ates (Figure F8). These higher thermal conductivity values also coincide with both higher discrete 
(MAD) density values and low porosity.

In Subunit IVc (1295 m CSF-B to the bottom of the hole), thermal conductivity slightly decreases 
relative to Subunit IVb (Figure F55), having an average value of ~2 W/(m·K). This unit shows 
some high values that correspond to harder sediment layers.

7.6. P-wave velocity
The P-wave logger (PWL) data are unreliable because of the large gap between the core and the 
liner that induces poor contacts with sensors and attenuated P-wave propagation.

PWC values in the depth interval from 500 and 610 m CSF-A did not yield reasonable P-wave 
values due to the softness of the non-consolidated sediments in that interval. In the interval 
between Cores 401-U1610A-13X and 73R (~610–1190 m CSF-A), PWC values were obtained 
from measurements conducted on cubic samples cut from the core catcher. Afterwards, the PWC 
data were obtained from discrete cubic samples (later used for MAD measurements) from Cores 
74R–94R (1190–1400 m CSF-B). These smaller, portable, discrete cubic specimens allowed for the 
measurement of P-wave velocity in the x-, y-, and z-directions (red squares, blue circles, and green 
crosses, respectively, in Figure F53). P-wave velocity responds better to hard sediments than soft 
ones, so more reliable data were obtained from the well-cemented intervals (e.g., below 1120 m 
CSF-B [Figure F53] and Subunit IVb [Figure F9]). There is a general trend toward higher values 
with depth probably due to the increased compaction of the sediments.
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7.7. Moisture and density measurements
Bulk density values were calculated from moisture and volume measurements made on cylindrical 
(Cores 401-U1610A-2X through 73R) and cubic (Cores 74R–94R) discrete samples taken from the 
working halves of Hole U1610A. Samples for Cores 74R–94R were used both to produce more 
accurate PWC results (see P-wave velocity) and afterward for MAD measurements to preserve as 
much of the working halves as possible for postcruise research sampling.

Because gaps between the sediments and liner and/or drilling-induced cracks partially or com-
pletely obscure the original petrophysical signals of the core, 1 or 2 MAD samples were taken per 
core to verify the accuracy of the GRA density measured by the WRMSL (see Bulk density, grain 
density, and porosity). A total of 157 samples were measured from Hole U1610A, but the sample 
resolution varied depending on lithology, recovery, and quality of the individual core sections.

MAD values increase downcore and are commonly higher than GRA values at the same level (Fig-
ure F55). The range of GRA values expands to include lower values below the switch to RCB cor-
ing (Figure F55), probably as a result of a smaller core diameter. MAD measurements on 
geometrically uniform and discrete samples therefore commonly provide more reliable density 
values than the GRA density data set. The MAD trend toward higher values downhole is likely to 
be the result of compaction.

7.7.1. Bulk density, grain density, and porosity
Bulk density from MAD measurements typically ranges 1.90–2.67 g/cm3 in Hole U1610A. Grain 
density typically ranges 2.71–2.80 g/cm3 (750.94–1386.6 m CSF-B) through Hole U1610A. Most of 
the recorded values are quite variable; however, the interval between 840 and 940 m CSF-B has 
rather consistent values, which correlates with the homogeneous and less siliciclastic Unit III (Fig-
ure F9). Porosity declines with depth because of compaction (Figure F55). Discrete porosity values 
range from ~49.8% in Core 401-U1610A-33X (797.07 m CSF-B) to ~2.7% in the sandstone layer at 
1148.2 m CSF-B.

8. Downhole measurements
Following coring in Hole U1610A, the hole was prepared for downhole logging on 11 January 2024 
(see Operations). The first downhole logging run consisted of a 47.12 m long quad combo tool 
string (see Figure F20 in the Expedition 401 methods chapter [Flecker et al., 2025a]) consisting of 
the Dipole Sonic Imager (DSI), High-Resolution Laterolog Array (HRLA), Hostile Environment 
Litho-Density Sonde (HLDS), Hostile Environment Natural Gamma Ray Sonde (HNGS), and log-
ging equipment head-pressure temperature (LEH-PT). These tools measure shear (S-wave) and 
compressional wave (P-wave) velocities, electrical resistivity, density, NGR, temperature, and 
borehole inclination, respectively. The DSI was added to the normal triple combo tool string and 
the Magnetic Susceptibility Sonde was left out because borehole conditions were anticipated to be 
difficult and would be likely to degrade before a second tool string could be run.

Just below the casing, as the tool string was being lowered down the hole, the quad combo encoun-
tered obstructions and had to be worked down through bridges and ledges. The tool string 
reached 726 m wireline log depth below seafloor (WSF), but after eight unsuccessful attempts to 
penetrate deeper, we decided to log up through the open hole and casing to the seafloor. The 
logged open hole interval was Lower Pliocene calcareous silty mud with 2–6 m scale repeating 
cycles in core NGR, MS, and density (see Unit I description in Lithostratigraphy and Physical 
properties; Figures F9, F53).

8.1. Borehole conditions and downhole data set quality
The borehole walls of Hole U1610A were very rough, characterized by washouts, bridges, and 
ledges (Figure F57). Inclined beds observed in the cores (see Lithostratigraphy) suggested that 
the hole might be angled away from vertical, and the inclinometer in the logging cablehead con-
firmed this to be the case. At the end of the pipe, the borehole was inclined at ~10° from vertical 
and the inclination increased with depth to reach ~14° at 682 m WSF (Figure F57). 
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The HNGS logs show that the base of the pipe is at 516.5 m WSF (Figure F57) and the seafloor is 
at ~566 m WSL. The HNGS gives formation gamma ray data inside the casing and the drill pipe, 
albeit attenuated. It may be possible to use this data to study Pliocene–Quaternary sedimentary 
cyclicity, when corrected for the additional attenuation at thicker pipe joints. 

Comparison of the downhole gamma ray signal with equivalent NGR data measured on the cores 
confirms that the HNGS data is affected by the washouts, which result in anomalously low values 
(e.g., washout between ~529 and 533 m CSF-B and between ~555 and 560 m CSF-B; Figure F57). 
The density log values range between ~1 and ~2 g/cm3 and are also substantially impacted by the 
hole conditions as evidenced by the mimicking of this log to the caliper log (Figure F57). The enve-
lope of the higher density values of the downhole density measurement lies on a similar trend as 
the MAD measurements on core samples but have smaller (~0.3–0.6 g/cm3) absolute values than 
the MAD values (Figure F57; see Physical properties). The resistivity log yields values ranging 

Figure F57. Downhole logging data summary, Hole U1610A. All downhole data are from quad combo main upward pass 
unless otherwise noted. LCAL = caliper, HSGR = total spectral gamma ray, VELP = P-wave logs, RT_HRLT = true resistivity. 
cps = counts per second, gAPI = American Petroleum Institute gamma radiation units.

D
ep

th
 (m

bs
f)

C
or

e/
R

ec
ov

er
y

-20 20

Hole inclination (°)
LCAL, bit size

(in.)
0 15

15 80

NGR_cores
(cps)

HSGR
(gAPI)

20 50
1 2.5

MAD_cores
Density
(g/cm3)

1 2.5

VELP_up
VELP_down

(km/s)

1.5 2.5

RT_HRLT
(Ωm)

1 2.5

525

550

575

600

625

650

675

700

3X

4X

5X

6X

7X

8X

9X

10X

11X

12X

13X

14X

15X

16X

17X

18X

19X

20X

21X

22X

23X

End of 
pipe

~516.5m



R. Flecker et al. · Site U1610 IODP Proceedings Volume 401

https://doi.org/10.14379/iodp.proc.401.104.2025 publications.iodp.org · 73

from ~0.8 and ~2.6 Ωm and also mimics the caliper log suggesting that the resistivity data is also 
highly impacted by washouts and bridgings (Figure F57).

The sonic P-wave velocity log repeated reasonably well between the upward and downward passes 
of the logging tool (Figure F57), so the data are considered to be robust and reflect real formation 
measurements. For the downward pass, the transmitter was set at standard (high) frequency, and 
for the upward pass it was changed to medium frequency to give a more robust signal in the poor 
borehole conditions. P-wave velocity had to be rederived from the DSI slowness time coherence 
on shore, and these reprocessed logs are plotted here (Figure F57). P-wave velocity slightly 
increases with depth, with average values ranging from ~1.8 km/s in the upper half (~520–620 m 
WSF) of the hole and increases to ~2 km/s in the lower half (~620–715 m WSF). Despite only 
covering a 204 m interval, these velocity logs are useful for constraining the relationship between 
depth and TWT in the upper part of Hole U1610A.

8.2. Downhole temperature
The SET2 tool was run before taking Core 401-U1610A-2X at 505.2 m WSF. It gave a clean 10 min 
temperature equilibration curve, and from this we derived a formation temperature of 24.8°C. 
Assuming a linear gradient to the seafloor temperature (12°C based on Conductivity-Temperature-
Depth [CTD] measurements at this site), the geothermal gradient is 25.3°C/km.

8.3. Core-downhole-seismic integration
The presence of inclined beds in the cores (tilted laminae; Figure F8) indicated a potential devia-
tion of the borehole from vertical. This suspicion was confirmed by measurements recorded by 
the inclinometer in the logging cablehead, revealing that, at the end of the pipe, the borehole 
exhibited an inclination of approximately 10° away from the vertical axis. Furthermore, the incli-
nation gradually deviated further from vertical with depth, reaching approximately 14° at a depth 
of 682 m WSF (Figure F57).

This inclination may explain the difficulty encountered in lowering the tool string down the bore-
hole past ledges. Paleomagnetic AMS analysis on core samples also suggests that the borehole was 
inclined, up to ~15° at ~1350 m CSF-B (see Paleomagnetism). The inclination of the borehole has 
implications for the TWT to depth conversion when tying the borehole to the seismic reflection 
profile, because the true vertical depth will be shallower than the measured depth along the bore-
hole path (CSF scale). For example, at 1400 m CSF-B, a borehole with an average inclination of 12° 
would have a true vertical depth of 1369.4 m CSF-B, 30.6 m shallower than the measured depth. 
Such an inclination will make a difference to the estimated penetration on the scale of the seismic 
profile when tied to the borehole. Considering the lack of velocity data at such depths in this area 
of the basin, a proper core-seismic tie will require further analysis (e.g., synthetic seismic profile) 
that will be carried out as part of the postexpedition research.

9. Age model
Biostratigraphic and magnetostratigraphic analysis of Site U1610 generated nannofossil (n = 7), 
foraminifer (n = 8), and paleomagnetic (n = 10) age control datums between 3.57 and 6.38 Ma 
(Table T18). Gaps in age tie points between 781.4 and 936.3 m CSF-B and 5.36–5.78 Ma and below 
1116.8 m CSF-B and 6.38 Ma to the base of the hole at ~1400 m CSF-B make these intervals more 
poorly constrained.

There is a good correspondence between foraminifer and nannofossil bioevents and the paleo-
magnetic chron boundaries for Site U1610 holes (Figure F58A), except for the interval between 
713 and 808 m CSF-B, where stratigraphic and age order are not consistent (Table T18). The two 
C. acutus nannofossil bioevents are based on the identification of a species that occurs only rarely 
in these samples, and the bioevent should be used with caution (see Biostratigraphy). The HO of 
O. rugosus is also considered to be unreliable, which may explain why its stratigraphic position is 
at odds with the Thvera Chron boundary C3n.1n, which is identified at 808 m CSF-B (see Paleo-
magnetism). With or without these three less certain age constraints, the age-depth distribution 
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of biostratigraphic and magnetostratigraphic events indicates that there is an increase in sedimen-
tation rate from ~15 to ~30 cm/ky somewhere between 800 and 950 m CSF-B (Figure F58A). 
Because of the paucity of age constraints across this 150 m interval, it is not clear what the pattern 
of sedimentation rate changes is (CSF-B scale). Sedimentation rates below 1116.8 m CSF-B and 
6.38 Ma are unconstrained, but an extrapolation of 30 cm/ky sedimentation rate would imply 7.4 
Ma for the base of the hole. 

Table T18. Sedimentation rate calculations for intervals bounded by abrupt changes in cycle thickness, Hole U1610A (Figure F58C). Rates are calculated both from 
linear regression through all age tie point data in that interval and from a sedimentation rate using upper and lowermost tie points in each interval. Two sets of 
calculations are presented. With Ceratolithus acutus = data include all age constraints available. Without Ceratolithus acutus = data exclude three age constraints that 
are considered to be unreliable and are stratigraphically inconsistent (see text). Thickness of a 21.7 ky precession cycle is calculated for each sedimentation rate for 
comparison with the cycle thickness measured in Table T19. See AGEMODEL in Supplementary material for spreadsheet illustrating regression plots for data from Hole 
U1610A. LrO = lowest regular occurrence, S/D = sinistral/dextral. Download table in CSV format. 

Type Event
Depth 

CSF-B (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)

With Ceratolithus acutus
Foram Disappearance Globorotalia puncticulata 529.41 3.57

500–700 159.59 1.06 150.56 3.27 3.01

Pmag C2An.3n 538.00 3.60
Nanno HO Sphenolithus spp. 556.33 3.61
Nanno LO Discoaster tamalis 581.05 3.80
Nanno HO Reticulofenestra pseudoumbilicus 584.29 3.82
Foram HcO Globorotalia margaritae 617.06 3.98
Pmag C2Ar 628.00 4.19
Pmag C3n.1n (Cochiti) 642.00 4.30
Pmag C3n.1r 673.00 4.49
Foram LO Globorotalia puncticulata 669.18 4.52
Pmag C3n.2n (Nunivak) 689.00 4.63
Pmag C3n.2r 722.00 4.80

700–800 49.73 0.43 115.65 2.51 2.21
Pmag C3n.1n (Sidufjall) 732.00 4.90
Pmag C3n.3r 755.00 5.00
Nanno HO Ceratolithus acutus 713.73 5.04
Nanno HO Orthorhabdus rugosus 771.73 5.23
Pmag C3n.1n (Thvera) 808.00 5.23

800–940 128.34 0.55 233.34 5.06 7.96Nanno LO Ceratolithus acutus 781.41 5.36
Foram HcO Neogloboquadrina incompta (Sin) 936.34 5.78
Foram HcO Globorotalia scitula (Dex) 978.15 5.90

940–1400 138.61 0.48 288.76 6.27 5.86

Nanno HO Reticulofenestra rotaria 1022.96 5.94
Foram LrO Globorotalia margaritae 1016.95 5.98
Pmag C3r 1016.00 6.02
Foram HcO Globorotalia miotumida 1112.09 6.32
Foram S/D coiling change Neogloboquadrina incompta 1116.76 6.38

 

Without Ceratolithus acutus
Foram Disappearance Globorotalia puncticulata 529.41 3.57

500–700 159.59 1.06 150.56 3.27 3.01

Pmag C2An.3n 538.00 3.60
Nanno HO Sphenolithus spp. 556.33 3.61
Nanno LO Discoaster tamalis 581.05 3.80
Nanno HO Reticulofenestra pseudoumbilicus 584.29 3.82
Foram HcO Globorotalia margaritae 617.06 3.98
Pmag C2Ar 628.00 4.19
Pmag C3n.1n (Cochiti) 642.00 4.30
Pmag C3n.1r 673.00 4.49
Foram LO Globorotalia puncticulata 669.18 4.52
Pmag C3n.2n (Nunivak) 689.00 4.63
Pmag C3n.2r 722.00 4.80

700–800 –722.00 –4.80 150.42 3.26 2.57
Pmag C3n.1n (Sidufjall) 732.00 4.90
Pmag C3n.3r 755.00 5.00.0
Nanno HO Ceratolithus acutus 0.00
Nanno HO O. rugosus 0.00
Pmag C3n.1n (Thvera) 808.00 5.23 .0
Nanno LO Ceratolithus acutus 0.00 0.00 .0.0.0.0.0.0.0
Foram HcO Neogloboquadrina incompta (Sin) 936.34 5.78

934–1400 180.42 0.60 300.70 6.53 6.32

Foram HcO Globorotalia scitula (Dex) 978.15 5.90
Nanno HO Reticulofenestra rotaria 1022.96 5.94
Foram LrO Globorotalia margaritae 1016.95 5.98
Pmag C3r 1016.00 6.02
Foram HcO Globorotalia miotumida 1112.09 6.32
Foram S/D coiling change Neogloboquadrina incompta 1116.76 6.38

 .0
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Regular cyclicity visible in the physical properties data can be used to provide an independent 
evaluation of the depth at which sedimentation rates changes occur. Regular cyclicity is visible in 
both the gamma ray (core and downhole data) and MS data in the upper part of Hole U1610A to 
around 940 m CSF-B (see Physical properties). Below this level, these data sets show more com-
plex patterns that probably relate in part to the influx of sand with variable grain size and cemen-
tation (see Physical properties and Lithostratigraphy). Turbiditic deposition can complicate 
estimates of sedimentation rate, and more age control is desirable for the lower reaches of this site. 

Figure F58C illustrates the thickness of cycles observed in the gamma ray (both downhole log and 
core) and MS core data in Hole U1610A (Table T19). Despite the scatter, these thickness data 
show two abrupt changes at 700 (4.6 Ma) and 800 m CSF-B (5.2 Ma). These boundaries corre-
spond to the boundaries between Lithostratigraphic Units I and II and between Subunits IIb and 
IIc, respectively (Figure F9). On the basis of cycle thickness, the sedimentation rate appears to be 
similar in Unit I and Subunit IIc–Unit III and substantially higher in the interval between 700 and 
800 m CSF-B that corresponds to Subunits IIa and IIb.

Using cycle thickness to define abrupt sedimentation rate changes allows calculation of linear sed-
imentation rates between these boundaries using the available age-depth tie point data. In each 
interval, these can then be used to predict the thickness of sedimentary cycles of a given duration 
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Figure F58. A. Age model tie points, Hole U1610A. B. Sedimentation accumulation rates for each data set (foraminifer and nannofossil bioevents; chron boundaries). 
C. Cycle thickness measured using MS and NGR data from core and downhole NGR data (Table T19). Only cycles not disturbed by section or core breaks were included 
in data set. Vertical lines = theoretical thickness of precession cycles for each interval, calculated both from linear regression through all age tie point data in that 
interval and from sedimentation rate using upper and lowermost tie points in each interval (Table T18; see U1610sedrates.xlsx in AGEMODEL in Supplementary mate-
rial). Generalized representation of succession showing unit and subunit boundaries is also shown.

Table T19. Top and bottom depth and calculated thickness of cycles measured in downhole NGR data, NGR data from core, 
and MS data from core, Hole U1610A. Download table in CSV format.



R. Flecker et al. · Site U1610 IODP Proceedings Volume 401

https://doi.org/10.14379/iodp.proc.401.104.2025 publications.iodp.org · 76

such as Milankovitch periodicity. The calculated thickness of precessional cycles for each interval 
and each hole are shown as vertical lines on Figure F58C. These have been calculated both from 
linear regression through all the age tie points within that interval and by calculating the sedimen-
tation rate of the top and bottom age tie point for each interval (Table T18; see U1610sedrates.xlsx 
in AGEMODEL in Supplementary material).

In the upper interval between 500 and 700 m CSF-B, precessional cycle thickness calculated from 
the sedimentation rates corresponds well with the distribution of the cycle thickness measure-
ments (Figure F58), suggesting that the dominant cyclicity visible in the sediments here is preces-
sional. However, the sedimentation rate calculated between 700 and 800 m CSF-B produces a 
precessional cycle thickness (2.2–3.6 m) that is thinner than the measured cycle thickness for this 
interval (4–7 m) (Figure F58C). This suggests that the cyclicity observed in the physical properties 
data is not precessional. Lithologically the Subunit IIc/IIb boundary marks the onset of increased 
siliciclastic input, but this cannot account for the discrepancy between cycle thickness and calcu-
lated sedimentation rates. An alternative possibility is that the cyclicity in this interval is more 
dominated by obliquity than precession.

There are no reliable age constraints for the 800–940 m CSF-B interval (Subunit IIc–Unit III), so 
no sedimentation rates can be calculated for comparison with the cycle thickness data (Figure 
F58C). However, the calculated precessional thickness from the overlying age constraints (700–
800 m CSF-B) are consistent with the thickness data. This may indicate that sedimentation rate 
calculated in the upper part of the core (~15 cm/ky) is relatively constant through the 940–700 m 
CSF-B interval but that the sedimentary cyclicity is driven initially by precession and then possibly 
by obliquity, followed by a dominantly precessional interval that continues to the top of Hole 
U1610A (Figure F58C).
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	Figure F1. Map of Mediterranean–Atlantic gateway at Gibraltar. Red dots = Expedition 401 Site U1610 in Gulf of Cádiz and Site U1611 in Alborán Sea, blue dots = Expedition 339 sites, yellow dot = Ocean Drilling Program Site 976, green dot = Deep S...
	Figure F2. Present-day water mass circulation patterns on either side of Gibraltar Strait in relation to main topographic features and Expedition 401 sites. AMW = Atlantic Mediterranean Water.
	Figure F3. A–D. Late Miocene–Pliocene paleogeographic evolution of Mediterranean–Atlantic gateways (Krijgsman et al. 2018), Site U1610. Blue arrows = paleocurrents derived from literature (e.g., Martín et al., 2014; Capella et al., 2018). East...
	Figure F4. Location of Site U1610 relative to Sites U1386 and U1387, which recovered a Pliocene–Pleistocene succession. Seismic coverage across area is also shown. GuB = Guadalquivir Basin.
	Figure F5. Schematic 4-stage evolutionary block model of eastern Deep Algarve Basin based on seismic interpretation and correlation with industry wells and Expedition 339 sites, Site U1610. A. Stage I distal submarine lobes. B. Stage II more proximal...
	Figure F6. Seismic section showing location of Site U1610 in Gulf of Cádiz. Dotted lines = projected Messinian (D5) and Tortonian (D4) surfaces.
	Figure F7. Reentry and casing system, Hole U1610A. mbrf = meters below rig floor. Dimensions are in meters. NA = not applicable.
	Figure F8. Lithologic synthesis, Site U1610. See SYNTHLOGS in Supplementary material for editable version of this figure. V.f. = very fine.
	Figure F9. Lithologic summary, Site U1610. Curve variation in sedimentary log indicates long-term relative variations of coarser versus finer grained sediments. Black dashed lines = unit boundaries, horizontal gray dashed lines = subunit boundaries, ...
	Figure F10. Core and bed thickness by lithology, Site U1610. A. Composition of each lithology per core. B. Number of beds of sand grade or coarser per core. C. Bed thickness by lithology. Black dashed lines = unit boundaries, gray dashed lines = subu...
	Figure F11. Example facies description for each unit, Site U1610. A. Calcareous silty mud and calcareous mud, Unit I. Linescan image and RGB color are from Section Half Imaging Logger (SHIL). X-ray image is from XSCAN. Reflectance (L*a*b*) and MS are...
	Figure F11 (continued). B. Calcareous mud and calcareous clay, Unit II. (Continued on next page.)
	Figure F11 (continued). C. Calcareous mud and clayey calcareous ooze, Unit III. (Continued on next page.)
	Figure F11 (continued). D. Calcareous mud, calcareous silty mud, calcareous sandy silt, and calcareous fine sand, Unit IV. (Continued on next page.)
	Figure F11 (continued). E. Rapid transition from dolostone to calcareous silty mud, Unit V.

	Figure F12. Vertical to subvertical, straight to slightly winding, thin burrows of Trichichnus (Tr), associated with pyrite nodules in Unit III, Site U1610. Left: core photograph. Right: XSCAN images. In this section, apparent dip of beds is about 25°.
	Figure F13. A. Texture of different lithologies per unit from smear slide analysis (n = 200), Site U1610. Smaller diagrams show data for Units I–IV. (Continued on next page.)
	Figure F13 (continued). B. Averaged texture (grain size) from smear slide data for main lithologies in Units I–V. Coarse lithologies group includes sandy silt (Units I and II only), silty sand, sandy mud (Unit I only), and very fine to medium- grai...

	Figure F14. A. Composition of different lithologies per unit from smear slide analysis (n = 197), Site U1610. Smaller diagrams show data for Units I–IV. Compositional data were normalized to exclude minor siliceous biogenic component that is always...
	Figure F14 (continued). B. Averaged composition from smear slide data for main lithologies in Units I–IV.

	Figure F15. Representative powder XRD patterns of different lithologies in Units I–V, Site U1610. Samples are arranged from shallow (top) to deep (bottom).
	Figure F16. Variation in total carbonate content based on coulometry (see Geochemistry) and XRD data (calcite + dolomite + siderite), Site U1610. Some samples from same squeeze cake or stratigraphic interval were analyzed by both XRD and coulometry a...
	Figure F17. Variations in mineralogical composition from bulk XRD patterns using Rietveld refinements method, Site U1610 (see Lithostratigraphy in the Expedition 401 methods chapter [Flecker et al., 2025a]). Organic carbon (OC) content of samples col...
	Figure F18. Bigradational sequences of contourites in (A) Unit I and (B) top of Unit IV, showing coarsening- and fining- upward sequences, as well as some subtle sedimentary structures, such as parallel lamination and small grain size variations, Sit...
	Figure F19. A–C, E–G. Subtle parallel and cross lamination and normal grading (arrows) in Units I–III (A, C, E: structures were observable in XSCAN images; B, F, G: structures not visible), Site U1610. Two examples from Units I and III have app...
	Figure F20. Turbidites and trace fossils in Unit I, with bioturbated upper contacts (Ch = Chondrites, Pl = Planolites) and rare bioturbated lower contact (Ut = undifferentiated trace).
	Figure F21. Major lithologies for (A) Units I–III, (B) Units IV and V, and (C) coarser grained lithologies, Site U1610. Dominant siliciclastic and biogenic components are annotated. Air = air bubble, Cl = clay, Cn = calcareous nannofossils, Dol = d...
	Figure F21 (continued).

	Figure F22. Increasing bioturbation intensity and ichnodiversity from calcareous mud (BI = 1) to clayey calcareous ooze (BI = 4) in Unit III close to boundary with Unit IV, Site U1610. Note crosscutting relationships between trace fossils in clayey c...
	Figure F23. Lithified sandstones in Subunit IVb, Site U1610. A. Sandstones in Unit IV with sharp bases and mud clasts. B. Sandstone with mud clasts and a fining-upward and later coarsening-upward interval. C–E. Sandstones with parallel and cross la...
	Figure F24. (A, H) Subunit IVb conglomerates and (B–G) Thin Section TS9 of red box in A (B–E: partly carbonate-stained areas; F, G: noncarbonate-stained areas), Site U1610. Note that polishing of thin section was finished at >30 µm thickness, so...
	Figure F25. A–L. Subunit IVb sandstone thin sections (A–D, G, H: carbonate-stained areas; E, F, I–L: noncarbonate-stained areas), Site U1610. Note that polishing of thin sections was finished at >30 µm thickness, so birefringence colors of qua...
	Figure F26. Unit IV turbidite deposits with evidence of reworking by bottom currents, Site U1610. A. Reworking at top of turbidite. B. Parallel lamination, color banding, and small grain size variations in turbidite. C. Reworking of turbidite, with l...
	Figure F27. A–K. Subunit IVc calcareous sand and Unit V dolostone, Site U1610 (D–G: noncarbonate-stained areas; H– K: carbonate-stained areas). Space between framework particles contains negligible amount of clays and is mostly filled with calc...
	Figure F28. A, B. Macaronichnus trace fossil in calcareous fine sand beneath conglomerate in Subunit IVb, Site U1610. C. Typical mineralogical segregation shown between cylinder tube core (lighter colored minerals; black arrows) and surrounding rim (...
	Figure F29. (A, B) Calcareous sandy silt, (C, D) conglomerate, (E, F) sandstone, and (G, H) bioturbated sandstone in Unit IV, Site U1610 (C: scanning electron microscopy in backscatter electron mode; star = location of D; D: energy-dispersive X-ray s...
	Figure F30. Planktonic foraminifer and calcareous nannofossil biostratigraphic events and estimated sedimentation rates, Hole U1610A. Events are plotted at their mean depth. LrO = lowest regular occurrence, S/D = sinistral/dextral.
	Figure F31. Abundance of benthonic foraminifer assemblages in core catcher samples, Hole U1610A. Shallow-water benthonic assemblage is composed of Ammonia spp. and Elphidium spp.; Cibicidoides spp. and Textularia spp. make up epibenthonic assemblage;...
	Figure F32. AF demagnetization results, Hole U1610A. Left: vector endpoints of paleomagnetic directions measured after each demagnetization treatment on an orthogonal projection (Zijderveld) plot. Examples of normal (positive inclinations) and revers...
	Figure F33. AMS determinations, Hole U1610A. Left: orientation of principal AMS axes Kmax, Kint, and Kmin. Dashed circle = average dip of Kmin axis interpreted as inclined drilling direction of ~15° for Hole U1610A. Right: shape factor of AMS ellips...
	Figure F34. Paleomagnetic results, Hole U1610A. 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 ...
	Figure F35. Sediment accumulation curve from tentative magnetostratigraphic correlations to GPTS 2020 (Raffi et al., 2020), Hole U1610A. Squares with solid lines = well-established reversals, squares with dashed lines = uncertain ages. Ages are fitte...
	Figure F36. Headspace methane, ethane, ethene, propane, iso-butane, and iso-pentane, Hole U1610A. Locations of opportunistic void space sampling shown as nonquantitative indicator of gassiness of cores.
	Figure F37. Methane:ethane ratios in headspace and void space samples downcore and as comparison of adjacent sampling within same core, Hole U1610A.
	Figure F38. Comparison of several key IW chemical profiles to nearby Sites U1386 and U1387, Hole U1610A.
	Figure F39. IW alkalinity, pH, and salinity, Hole U1610A. Results from Sites U1386 and U1387 shown for comparison (salinity was not reported at Site U1387). Dashed line = bottom water values.
	Figure F40. IW sodium and chloride concentrations and Na/Cl ratios, Hole U1610A. Results from Site U1387 shown for comparison. Dashed line = bottom water values.
	Figure F41. IW major cation concentrations (calcium, magnesium, and potassium), Hole U1610A. Results from Site U1387 shown for comparison. Dashed line = bottom water values.
	Figure F42. IW major anion concentrations (sulfate and bromide), Hole U1610A. Arrow = depth of SMTZ, identified by sulfate dropping to 0 mM at Site U1387. Dashed line = bottom water values.
	Figure F43. IW major nutrient concentrations (ammonium and phosphate), Hole U1610A. Results from Site U1387 shown for comparison (phosphate was not reported at Site U1387).
	Figure F44. IW minor element concentrations (Li and Si), Hole U1610A. Results from Sites U1386 and U1387 shown for comparison. Dashed line = bottom water values.
	Figure F45. IW minor and trace element concentrations (Ba, B, and Sr), Hole U1610A. Results from Site U1387 shown for comparison. Dashed line = bottom water values.
	Figure F46. IW trace element concentrations (Fe and Mn), Site U1610A. Results from Site U1386 shown for comparison. Fe and Mn concentrations below detection limit are plotted as 0 µM.
	Figure F47. CaCO3, organic carbon, nitrogen, and C/N in sediments, Hole U1610A.
	Figure F48. Comparison of carbonate geochemistry results, Hole U1610A. Symbol color indicates lithology of sample or lithology found immediately above and below IW whole-round sample; where they differ, interior color shows lithology above and exteri...
	Figure F49. Relationship between carbonate weight percent determined by analysis of XRD spectra and coulometry, Hole U1610A. Symbol color indicates lithologies found immediately above and below IW whole-round sample; where they differ, interior color...
	Figure F50. Relationships between carbonate weight percent, NGR, and MS, Hole U1610A. NGR and MS measurements represent closest analysis to carbonate sample (usually within 15 cm). cps = counts per second.
	Figure F51. Carbonate Mg/Ca and Sr/Ca, Hole U1610A. Arrow = where 94R-CC, 45–50 cm, lies off scale of axis (Mg/Ca ratio = 737 mmol/mol).
	Figure F52. Carbonate Mn/Ca and Fe/Ca, Hole U1610A. Arrow = where 94R-CC, 45–50 cm, lies off scale of axis (Fe/Ca ratio = 41.8 mmol/mol).
	Figure F53. MS; GRA density; NGR; L*, a*, and b* color variation; and whole and split core P-wave velocity, Hole U1610A. MS, GRA, NGR, L*, a*, and b*: gray dots = original three data sets (with anomalous values removed from GRA, L*, a*, and b*), over...
	Figure F54. MS; GRA; NGR; and L*, a*, and b* color variation, Hole U1610A. A. 515–540 m CSF-B. Note how MS, GRA, L*, and a* peaks (red arrows) correlate to troughs (blue arrows) of NGR and b*, and vice versa. B. 880–900 m CSF-B. Note how MS, GRA,...
	Figure F55. Thermal conductivity, MAD, GRA bulk density, grain density, and porosity, Hole U1610A. Porosity was obtained during MAD measurements. Gray dots in thermal conductivity = single nonaveraged value triple measurements.
	Figure F56. NGR measurements, Holes U1610A. Corresponding three NGR components (potassium, uranium, and thorium) extracted from total NGR counts using shipboard codes based on method described by De Vleeschouwer et al. (2017). Ratio of thorium to ura...
	Figure F57. Downhole logging data summary, Hole U1610A. All downhole data are from quad combo main upward pass unless otherwise noted. LCAL = caliper, HSGR = total spectral gamma ray, VELP = P-wave logs, RT_HRLT = true resistivity. cps = counts per s...
	Figure F58. A. Age model tie points, Hole U1610A. B. Sedimentation accumulation rates for each data set (foraminifer and nannofossil bioevents; chron boundaries). C. Cycle thickness measured using MS and NGR data from core and downhole NGR data (Tabl...
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