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1. Background and objectives
Site U1611 is located in the Mediterranean just east of the Gibraltar Strait in the Alborán Sea 
(36°18.7537′N, 4°34.2717′W) (Figure F1). It marks the eastern end of the Expedition 401 transect 
of sites that track Mediterranean Overflow Water (MOW) from its source, through the Atlantic–
Mediterranean gateway into the Gulf of Cádiz, and around to the west of the Iberian margin (Fig-
ure F2). Today, the Alborán Basin is a relatively narrow (150 km wide), shallow (maximum depth 
= 1800 m), and elongate (350 km long) area that links the much deeper Mediterranean Sea to the 
Atlantic. Atlantic water flows in through the Gibraltar Strait at the surface as a coherent layer of 
warm and relatively fresh marine water, whereas deeper, cooler, and more saline water generated 
in the Mediterranean flows through the Alborán Sea and out into the Atlantic at depth (Figure F3). 
The stratified water mass structure in the Alborán Sea reflects both this exchange and the densi-
ties of the different water masses generated in the Mediterranean, principally the Levantine Inter-
mediate Water and the Western Mediterranean Deep Water (Ercilla et al., 2016). Site U1611 is 
located on the north side of the Alborán Basin on the Spanish continental slope at a water depth of 
~800 m (Figure F1). Today, this area is bathed in Western Mediterranean Deep Water with a tem-
perature of ~12.9°C and a salinity of ~38.45 (Figure F4) (Ercilla et al., 2016). It is directly impacted 

Figure F1. Location map, Sites U1610 and U1611 (red dots). Blue dots = Integrated Ocean Drilling Program Expedition 339 
sites, yellow dot = Ocean Drilling Program Site 976, green dot = Deep Sea Drilling Project Site 121.
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by both westward flowing currents that produce contourite deposition along the Spanish margin 
(Figure F2) and downslope gravity deposits (Ercilla et al., 2016).

Exchange through a single gateway at Gibraltar is a relatively recent phenomenon (Hernández 
Molina et al., 2014; van der Schee et al., 2016; García-Gallardo et al., 2017; Flecker et al., 2015). As 
a result of Africa–Eurasia convergence, westward docking of the Alborán plate, and simultaneous 
slab retreat (Jolivet and Faccenna, 2000; Faccenna et al., 2004; van Hinsbergen et al., 2014), the 
Atlantic–Mediterranean connection evolved from a single, wide-open seaway (see Figure F3 in the 
Expedition 401 summary chapter [Flecker et al., 2025b]) linking a Mediterranean that was more of 
an embayment of the Atlantic than a distinct marginal marine system (Flecker et al., 2015) to two 
narrow corridors: one in northern Morocco and the other in southern Spain (Figure F5; Martín et 
al., 2014).

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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Figure F3. Bathymetric map of Alborán Sea with present-day regional circulation model. AW = Atlantic Water, WIW = West-
ern Intermediate Water, LIW = Levantine Intermediate Water, WMDW = Western Mediterranean Deep Water, ShW = shelf 
water (mixture of AW and WMDW). Thick black lines = locations of Conductivity-Temperature-Depth (CTD) data used for 
hydrographic sections in Figure F4. Figure from Ercilla et al. (2016).
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Ongoing restriction of the marine corridors permitted Mediterranean salinity to rise, and a dis-
tinct, dense water mass formed. Ultimately, the narrowing and closure of these connections 
resulted in extreme salinity fluctuations in the Mediterranean, leading to the precipitation of more 
than 1 million km3 of salt, equivalent to ~6% of the total dissolved oceanic NaCl in the latest Mio-
cene (Blanc, 2006; Ryan, Hsü, et al., 1973). This event is known as the Messinian Salinity Crisis 
(MSC) (Hsü et al., 1973). Progressive tectonic convergence coupled with isostatic rebound related 
to lithospheric mantle dynamics (Duggen et al., 2003) not only severed these earlier marine con-

Shelf slope Basin Base of slope Slope Shelf

Western Alborán Basin

Figure F4. Seismic–hydrographic intersections of margins and basins, Alborán Sea. Note correlation between highest density 
contrast between water masses (Atlantic Water [AW], Western Intermediate Water [WIW] + Levantine Intermediate Water 
[LIW], and Western Mediterranean Deep Water [WMDW]) and main physiographic domains. Types of contourites and water 
masses are indicated on seismic profiles. ShW = Shelf Water (mixture of AW and WMDW). Black vertical lines in water column = 
water depth to which Conductivity-Temperature-Depth (CTD) recorder was lowered. Locations of seismic–hydrographic 
intersections shown in Figure F3. Figure from Ercilla et al. (2016).

Figure F5. Paleogeographic reconstruction of Betic and Rifian Corridors from late Tortonian to Early Pliocene, Site U1611. 
Corridors and paleocurrent indicators modified after Santisteban and Taberner (1983), Benson et al. (1991), and Martín et al. 
(2001, 2014).
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nections but also uplifted and exposed them on land (Capella et al., 2017). In the Early Pliocene 
(Figure F5), two-way exchange was established through a single conduit, the Gibraltar Strait. This 
reconnection event is known as the Zanclean deluge. Catastrophic failure of the Atlantic–
Mediterranean is commonly thought to have occurred at Gibraltar, resulting in rapid refilling of 
the Mediterranean associated with major erosion in the Alborán Basin (Estrada et al., 2011; 
Garcia-Castellanos et al., 2009, 2020).

1.1. Objectives
Site U1611 targets one of the few thick late Messinian sedimentary successions in the Alborán 
Basin that are sufficiently shallowly buried to be accessible to R/V JOIDES Resolution drilling. The 
record recovered from this location provides key constraints on the chemistry and physical prop-
erties of Mediterranean overflow during the Late Miocene. The major objective for Site U1611 
was to recover an 8–4 Ma succession that records the evolution of the Alborán Sea before, during, 
and after the MSC to test the following hypotheses:

• The Alborán Basin was an intermediate marine system influenced by the Atlantic and 
separated from the Mediterranean by the Alborán volcanic arc during the MSC.

• Mediterranean–Atlantic exchange occurred through the Gibraltar Strait before the start of the 
MSC.

• Extreme environmental fluctuations in the Mediterranean are mirrored by both 
environmental conditions in the Alborán Sea and observable perturbations to the 
Mediterranean overflow plume in the Atlantic.

The original plan was to wash down to the early Pliocene and then drill a single deep hole at Site 
U1611 with the aim of penetrating to the intra-Tortonian inversion (Flecker et al., 2023). However, 
as a consequence of the high sedimentation rate encountered below the MSC, it became clear that 
we were unlikely to reach this target within the permitted 1.7 km depth. Instead of drilling to this 
depth, we opted to use the time to drill a second hole to try and recover a more complete record of 
the MSC. Hole U1611B was located ~1.3 km northwest of Hole U1611A, shoreward of the chaotic 
facies visible on the seismic line (Figure F6). Half-advance coring was used from the Lower Plio-
cene downward in Hole U1611B because this approach produced higher core recovery than the 
full-advance coring used in Hole U1611A.

Figure F6. Seismic Line CAB01-125 showing location and depth of Holes U1611A and U1611B. Location and orientation of 
seismic profile are shown on Figure F1. CDP = common depth point. M/P = Miocene/Pliocene.
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2. Operations
On the morning of 19 January 2024, JOIDES Resolution sailed through the Gibraltar Strait, one of 
the Mediterranean–Atlantic gateways in the title of Expedition 401. The 333 nmi transit to Site 
U1611 in the Alborán Basin of the Mediterranean Sea took 29.8 h at an average speed of 11.2 kt. 
We arrived on site at 1315 h on 19 January. We lowered the thrusters at 1324 h and switched to 
dynamic positioning mode at 1338 h, starting operations at Site U1611.

2.1. Hole U1611A
The rig crew performed a slip and cut of the drilling line and picked up the drill collars. At 1745 h 
on 19 January 2024, high winds made it unsafe for the derrickman to work at the monkey board in 
the derrick. We waited until 2015 h for the wind to drop before resuming operations (2.5 h delay).

The hydraulic release tool (HRT) running tool was assembled (Figure F7), the upper guide horn 
was set aside, and the rig floor team assembled ~650 m of 10¾ inch casing and hung it below the 

Figure F7. Casing and reentry system, Hole U1611A. mbrf = meters below rig floor. Dimensions are in meters. Not to scale. 
NA = not applicable.
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ship. From 0900 to 1200 h on 20 January, they made up the casing stinger bottom-hole assembly 
(BHA), including the bit, underreamer bit, and mud motor. The underreamer and mud motor 
were tested and found to operate well. 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 funnel was lowered through the moon-
pool at 1540 h, and the entire casing system was lowered to 792.1 meters below sea level (mbsl) 
before installing the top drive. Hole U1611A (36°18.7537′N, 4°34.2717′W) was started at 1730 h, 
and we continued to drill the casing into Hole U1611A until the reentry cone base landed on the 
seafloor at 810.1 mbsl with the bit at 654.6 meters below seafloor (mbsf ) and the casing shoe at 
652.6 mbsf. The subsea camera was deployed to observe the release of the casing, and at 0405 h on 
22 January the casing assembly was released from the pipe and BHA. The bit was raised back to 
the ship, clearing the rig floor at 1103 h and completing the casing portion of operations in Hole 
U1611A. The rig floor team then assembled the rotary core barrel (RCB) BHA with a polycrystal-
line diamond compact (PDC) bit, lowered it to 584.9 mbsl, and deployed the subsea camera again 
to guide reentry into the hole.

Hole U1611A was reentered at 1832 h, and the top of the cone was confirmed to be at 807.3 mbsl 
and the seafloor at 810.1 mbsl, very close to the precision depth recorder estimate of the seafloor 
depth at 810.2 mbsl. The bit was lowered down the casing to 613 mbsf, where it took weight, prob-
ably from sediments that had come up into the casing. The top drive was installed, and the bit was 
washed down to 656.3 mbsf, followed by a 30 bbl mud sweep to clear any remaining loose sedi-
ment from the casing. At 0000 h on 23 January, the core line winch electrical controller failed, 
specifically the Veeder-Root counter in the unit. It was replaced, and the winch was back online by 
0545 h. The first run on the core line was the Sediment Temperature 2 (SET2) tool. The Icefield 
MI-5 core orientation tool, usually run to orient advanced piston corer (APC) cores, was run by 
piggybacking on the SET2 tool deployment to estimate any deviation of the casing from vertical. It 
showed a small angle at the top of the casing, deviating to approximately 10° at the base of casing. 
This result was subsequently confirmed by the downhole logging inclinometer. Coring started at 
0815 h with Core 2R, but it recovered only 3 cm of sediment, so we ran the bit deplugger. Recovery 
improved for subsequent cores. Cores 2R–24R penetrated from 656.3 to 879.4 mbsf and recovered 
223.1 m (74%) (Table T1). Cores 25R and 26R returned nearly empty, probably because coarse-
grained sediments in the formation are difficult to recover and can enter the base of the pipe. The 
bit deplugger was deployed again. We typically made five 30 bbl mud sweeps per day to flush cut-
tings and loose sediment out of the borehole, and coring continued with moderate to good recov-
ery. At 0815 h on 26 January, following Core 44R, we switched to half-core advances, which 
improved core recovery (on 26 January full-core advances yielded 69% recovery and half-core 
advances yielded 87% recovery).

On 28 January, we switched from half-length to full-length RCB core advances with Core 401-
U1611A-77R. Core 79R returned empty, so we ran the bit deplugger and switched back to half-
length advances for Cores 80R–83R, each of which recovered less than 10 cm. At 1945 h, we 
started a wiper trip to clear bridges in the hole prior to further coring and downhole logging. 
Overpulls of 20,000–30,000 lb were observed at 1104.9, 949.4, 881.7, and 872.0 mbsf before the bit 
could be raised to the casing shoe. On washing down, 12 tight spots were encountered and 6 m of 
fill was found at the base of the hole. From 0730 to 1030 h on 29 January, we washed out the fill and 
swept the hole with 30 bbl sepiolite mud in preparation for coring. Cores 84R–86R penetrated to 
1281.9 mbsf, the final depth of the hole, and recovered 13.2 m (68%). Cores 2R–86R penetrated 
from 656.3 to 1281.9 mbsf and recovered 431.2 m of core (68.9%) (Table T1).

At 1545 h, we started to prepare the hole for downhole logging. The bit was released at the base of 
the hole, the hole was displaced with barite-weighted mud, and the end of the pipe was raised to 
672.7 mbsf. The rig floor team assembled the triple combo logging tool string, without the source, 
and started lowering it down the pipe at 2145 h. The tool string reached an impassable obstruction 
at 909.6 mbsf and made a repeat and main pass, which together covered 672.7–909.6 mbsf. Bore-
hole diameter varied between narrower than 6 inches to wider than the maximum extent of the 
caliper measurement (17 inches), and the logged interval of the borehole was inclined from the 
vertical by between 10° and 15°. The triple combo tool string was back on deck at 0410 h on 30 
January, and a sonic-inclinometry tool string was assembled for the second logging run. This tool 
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Table T1. Core summary, Site U1611. DRF = drilling depth below rig floor, DSF = drilling depth below seafloor, CSF = core depth below seafloor. ROP = rate of penetra-
tion. HLAPC = half-length APC, XCB = extended core barrel. Core type: R = RCB, W = wash, numeric core type = drilled interval. (Continued on next two pages.) Down-
load table in CSV format.

Hole U1611A Hole U1611B
Latitude: 36°18.7537′N Latitude: 36°19.3779′N
Longitude: 4°34.2717′W Longitude: 4°34.7520′W
Water depth (m): 810.07 Water depth (m): 784
Date started (UTC): 1345 h; 19 January 2024 Date started (UTC): 1400 h; 30 January 2024
Date finished (UTC): 1400 h; 30 January 2024 Date finished (UTC): 0930 h; 5 February 2024
Time on hole (days): 11.01 Time on hole (days): 5.81
Seafloor depth DRF (m): 821.4 Seafloor depth DRF (m): 795.4
Seafloor depth est. method: Tagged Seafloor depth est. method: Tagged
Rig floor to sea level (m): 11.33 Rig floor to sea level (m): 11.4
Penetration DSF (m): 1281.9 Penetration DSF (m): 1069.9
Cored interval (m): 625.6 Cored interval (m): 325
Recovered length (m): 431.22 Recovered length (m): 253.38
Recovery (%): 68.93 Recovery (%): 77.96
Drilled interval (m): 656.3 Drilled interval (m): 744.9
Drilled interval (N): 1 Drilled interval (N): 1
Total cores (N): 85 Total cores (N): 65
APC cores (N): 0 APC cores (N): 0
HLAPC cores (N): 0 HLAPC cores (N): 0
XCB cores (N): 0 XCB cores (N): 0
RCB cores (N): 85 RCB cores (N): 64
Other cores (N): 0 Other cores (N): 1

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 

(2024)

Core on deck 
time 

UTC (h)

401-U1611A-
Start hole 20 Jan 1730
11 0.0 656.3 656.3 *****Drilled from 0 to 656.3 mbsf***** 26.6 22 Jan 1105
2R 656.3 666.0 9.7 656.3 656.33 0.03 0.03 1 9.7 23 Jan 1000
3R 666.0 675.7 9.7 666.0 675.82 9.82 9.82 11 8 29.1 23 Jan 1210
4R 675.7 685.4 9.7 675.7 685.61 9.91 9.91 12 8 14.6 23 Jan 1340
5R 685.4 695.1 9.7 685.4 695.29 9.89 9.89 12 8 14.6 23 Jan 1505
6R 695.1 704.8 9.7 695.1 705.12 9.96 10.02 13 8 38.8 23 Jan 1605
7R 704.8 714.5 9.7 704.8 714.40 9.60 9.60 99 8 38.8 23 Jan 1720
8R 714.5 724.2 9.7 714.5 715.79 1.29 1.29 13 2 19.4 23 Jan 1830
9R 724.2 733.9 9.7 724.2 734.14 9.94 9.94 12 8 14.6 23 Jan 2000
10R 733.9 743.6 9.7 733.9 743.06 9.16 9.16 94 8 19.4 23 Jan 2125
11R 743.6 753.3 9.7 743.6 751.72 8.12 8.12 84 7 29.1 23 Jan 2230
12R 753.3 763.0 9.7 753.3 763.30 10.00 10.00 13 8 29.1 23 Jan 2350
13R 763.0 772.7 9.7 763.0 772.39 9.39 9.39 97 8 23.3 24 Jan 0120
14R 772.7 782.4 9.7 772.7 772.70 0.00 .0 0 14.6 24 Jan 0255
15R 782.4 792.1 9.7 782.4 792.24 9.84 9.84 11 8 11.6 24 Jan 0445
16R 792.1 801.8 9.7 792.1 800.04 7.94 7.94 82 7 23.3 24 Jan 0630
17R 801.8 811.5 9.7 801.8 802.79 0.99 0.99 1 2 14.6 24 Jan 0805
18R 811.5 821.2 9.7 811.5 821.39 9.87 9.89 12 8 12.9 24 Jan 0950
19R 821.2 830.9 9.7 821.2 821.71 0.51 0.51 5 2 9.0 24 Jan 1200
20R 830.9 840.6 9.7 830.9 836.50 5.60 5.60 58 5 8.3 24 Jan 1405
21R 840.6 850.3 9.7 840.6 847.85 7.25 7.25 75 6 7.8 24 Jan 1610
22R 850.3 860.0 9.7 850.3 859.89 9.59 9.59 99 8 9.7 24 Jan 1820
23R 860.0 869.7 9.7 860.0 869.85 9.85 9.85 12 8 9.7 24 Jan 2020
24R 869.7 879.4 9.7 869.7 875.66 5.96 5.96 61 5 11.6 24 Jan 2205
25R 879.4 889.1 9.7 879.4 879.45 0.05 0.05 1 1 9.7 25 Jan 0010
26R 889.1 898.8 9.7 889.1 889.10 0.00 0.00 0 11.6 25 Jan 0200
27R 898.8 903.6 4.8 898.8 898.85 0.05 0.05 1 1 14.4 25 Jan 0420
28R 903.6 908.5 4.9 903.6 908.03 4.43 4.43 9 4 11.8 25 Jan 0605
29R 908.5 913.3 4.8 908.5 911.72 3.22 3.22 67 3 8.2 25 Jan 0800
30R 913.3 923.0 9.7 913.3 920.66 7.36 7.36 76 6 16.6 25 Jan 0950
31R 923.0 932.7 9.7 923.0 926.04 3.04 3.04 31 3 19.4 25 Jan 1125
32R 932.7 942.4 9.7 932.7 940.11 7.41 7.41 76 6 23.3 25 Jan 1305
33R 942.4 952.1 9.7 942.4 951.24 8.84 8.84 91 7 38.8 25 Jan 1430
34R 952.1 961.8 9.7 952.1 957.71 5.61 5.61 58 5 38.8 25 Jan 1545
35R 961.8 971.5 9.7 961.8 964.30 2.50 2.50 26 3 38.8 25 Jan 1720
36R 971.5 981.2 9.7 971.5 979.04 7.54 7.54 78 7 38.8 25 Jan 1910
37R 981.2 990.9 9.7 981.2 984.47 3.27 3.27 34 4 23.3 25 Jan 2045
38R 990.9 1000.6 9.7 990.9 996.55 5.65 5.65 58 5 29.1 25 Jan 2220
39R 1000.6 1010.3 9.7 1000.6 1008.94 8.34 8.34 86 7 23.3 26 Jan 0005
40R 1010.3 1020.0 9.7 1010.3 1014.44 4.14 4.14 43 4 23.3 26 Jan 0145
41R 1020.0 1029.7 9.7 1020.0 1028.65 8.65 8.65 89 7 29.1 26 Jan 0330
42R 1029.7 1039.4 9.7 1029.7 1037.19 7.49 7.49 77 6 23.3 26 Jan 0505
43R 1039.4 1049.1 9.7 1039.4 1045.23 5.83 5.83 6 5 23.3 26 Jan 0640
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44R 1049.1 1058.8 9.7 1049.1 1055.06 5.96 5.96 61 5 23.3 26 Jan 0815
45R 1058.8 1063.7 4.9 1058.8 1062.93 4.13 4.13 84 4 29.4 26 Jan 0935
46R 1063.7 1068.5 4.8 1063.7 1067.42 3.72 3.72 78 4 28.8 26 Jan 1110
47R 1068.5 1073.4 4.9 1068.5 1072.45 3.95 3.95 81 4 29.4 26 Jan 1230
48R 1073.4 1078.2 4.8 1073.4 1076.40 3.00 3.00 63 3 28.8 26 Jan 1345
49R 1078.2 1083.1 4.9 1078.2 1082.46 4.26 4.26 87 4 29.4 26 Jan 1455
50R 1083.1 1087.9 4.8 1083.1 1087.91 4.81 4.81 1 4 28.8 26 Jan 1605
51R 1087.9 1092.8 4.9 1087.9 1092.08 4.18 4.18 85 4 14.7 26 Jan 1730
52R 1092.8 1097.6 4.8 1092.8 1097.39 4.59 4.59 96 4 19.2 26 Jan 1905
53R 1097.6 1102.5 4.9 1097.6 1102.69 5.09 5.09 14 5 29.4 26 Jan 2030
54R 1102.5 1107.3 4.8 1102.5 1106.90 4.40 4.40 92 4 28.8 26 Jan 2145
55R 1107.3 1112.2 4.9 1107.3 1111.46 4.16 4.16 85 4 29.4 26 Jan 2330
56R 1112.2 1117.0 4.8 1112.2 1116.51 4.31 4.31 9 3 28.8 27 Jan 0050
57R 1117.0 1121.9 4.9 1117.0 1121.37 4.37 4.37 89 4 29.4 27 Jan 0210
58R 1121.9 1126.7 4.8 1121.9 1125.91 4.01 4.01 84 3 28.8 27 Jan 0350
59R 1126.7 1131.6 4.9 1126.7 1131.34 4.64 4.64 95 5 29.4 27 Jan 0525
60R 1131.6 1136.4 4.8 1131.6 1136.35 4.75 4.75 99 4 28.8 27 Jan 0645
61R 1136.4 1141.3 4.9 1136.4 1141.24 4.84 4.84 99 5 19.6 27 Jan 0815
62R 1141.3 1146.1 4.8 1141.3 1144.98 3.68 3.68 77 4 19.2 27 Jan 0940
63R 1146.1 1151.0 4.9 1146.1 1150.79 4.69 4.69 96 5 29.4 27 Jan 1115
64R 1151.0 1155.8 4.8 1151.0 1154.99 3.99 3.99 83 4 28.8 27 Jan 1235
65R 1155.8 1160.7 4.9 1155.8 1159.85 4.05 4.05 83 4 29.4 27 Jan 1350
66R 1160.7 1165.5 4.8 1160.7 1164.95 4.25 4.25 89 4 19.2 27 Jan 1510
67R 1165.5 1170.4 4.9 1165.5 1170.01 4.51 4.51 92 4 19.6 27 Jan 1640
68R 1170.4 1175.2 4.8 1170.4 1174.72 4.32 4.32 9 5 28.8 27 Jan 1745
69R 1175.2 1180.1 4.9 1175.2 1179.06 3.86 3.86 79 4 29.4 27 Jan 1905
70R 1180.1 1184.9 4.8 1180.1 1184.81 4.71 4.71 98 5 28.8 27 Jan 2015
71R 1184.9 1189.8 4.9 1184.9 1189.67 4.77 4.77 97 5 29.4 27 Jan 2140
72R 1189.8 1194.6 4.8 1189.8 1191.19 1.39 1.39 29 2 19.2 27 Jan 2315
73R 1194.6 1199.5 4.9 1194.6 1199.72 5.12 5.12 14 5 29.4 28 Jan 0040
74R 1199.5 1204.3 4.8 1199.5 1204.17 4.67 4.67 97 5 19.2 28 Jan 0215
75R 1204.3 1209.2 4.9 1204.3 1209.08 4.78 4.78 98 5 29.4 28 Jan 0345
76R 1209.2 1214.0 4.8 1209.2 1213.87 4.67 4.67 97 5 28.8 28 Jan 0525
77R 1214.0 1223.7 9.7 1214.0 1223.45 9.45 9.45 97 8 16.6 28 Jan 0720
78R 1223.7 1233.4 9.7 1223.7 1231.58 7.85 7.88 81 7 23.3 28 Jan 0900
79R 1233.4 1243.1 9.7 1233.4 1233.40 0.00 .0 0 16.6 28 Jan 1110
80R 1243.1 1247.9 4.8 1243.1 1243.10 0.00 .0 0 28.8 28 Jan 1355
81R 1247.9 1252.8 4.9 1247.9 1247.98 0.08 0.08 2 1 19.6 28 Jan 1525
82R 1252.8 1257.6 4.8 1252.8 1252.83 0.03 0.03 1 1 19.2 28 Jan 1755
83R 1257.6 1262.5 4.9 1257.6 1257.65 0.05 0.05 1 1 19.6 28 Jan 1930
84R 1262.5 1267.3 4.8 1262.5 1267.55 5.05 5.05 15 5 28.8 29 Jan 1135
85R 1267.3 1272.2 4.9 1267.3 1271.71 4.41 4.41 9 4 14.7 29 Jan 1315
86R 1272.2 1281.9 9.7 1272.2 1275.94 3.74 3.74 39 4 14.6 29 Jan 1530

Hole U1611A totals: 625.6 .0 .0 431.22 431.33 68.9

401-U1611B-
Start hole 30 Jan 1725
11 0.0 744.9 744.9 0.0 0.00 *****Drilled from 0 to 744.9 mbsf***** 54.5 31 Jan 1810
2W 744.9 744.9 0.0 744.9 746.60 1.70 1.70 2 31 Jan 1830
3R 744.9 754.6 9.7 744.9 752.72 7.82 7.82 81 7 10.6 31 Jan 2030
4R 754.6 764.3 9.7 754.6 764.53 9.93 9.93 12 8 14.6 31 Jan 2145
5R 764.3 774.0 9.7 764.3 764.39 0.09 0.09 1 1 6.1 01 Feb 0020
6R 774.0 778.9 4.9 774.0 774.00 0.00 .0 0 11.8 01 Feb 0250
7R 778.9 783.7 4.8 778.9 779.90 1.00 1.00 21 2 9.6 01 Feb 0450
8R 783.7 788.6 4.9 783.7 785.82 2.12 2.12 43 3 7.4 01 Feb 0645
9R 788.6 793.4 4.8 788.6 792.92 4.32 4.32 9 4 9.6 01 Feb 0835
10R 793.4 798.3 4.9 793.4 793.68 0.28 0.28 6 2 9.8 01 Feb 1025
11R 798.3 803.1 4.8 798.3 798.84 0.54 0.54 11 2 6.4 01 Feb 1215
12R 803.1 808.0 4.9 803.1 808.07 4.97 4.97 11 5 5.9 01 Feb 1410
13R 808.0 812.8 4.8 808.0 809.02 1.02 1.02 21 2 7.2 01 Feb 1600
14R 812.8 817.7 4.9 812.8 815.75 2.95 2.95 6 3 11.8 01 Feb 1740
15R 817.7 822.5 4.8 817.7 821.05 3.35 3.35 7 4 5.8 01 Feb 1940
16R 822.5 827.4 4.9 822.5 826.75 4.25 4.25 87 4 6.5 01 Feb 2130
17R 827.4 832.2 4.8 827.4 831.84 4.44 4.44 93 5 5.8 01 Feb 2330
18R 832.2 837.1 4.9 832.2 836.43 4.19 4.23 86 4 7.4 02 Feb 0125
19R 837.1 841.9 4.8 837.1 842.34 5.16 5.24 18 5 9.6 02 Feb 0300
20R 841.9 846.8 4.9 841.9 844.89 2.99 2.99 61 3 11.8 02 Feb 0450
21R 846.8 851.6 4.8 846.8 850.82 4.02 4.02 84 4 7.2 02 Feb 0640
22R 851.6 856.5 4.9 851.6 856.02 4.42 4.42 9 4 7.4 02 Feb 0835
23R 856.5 861.3 4.8 856.5 861.08 4.58 4.58 95 5 9.6 02 Feb 1020

Core

Top depth 
drilled 

DSF (m)

Bottom depth 
drilled
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(m)

Top depth 
cored

CSF (m)

Bottom depth
recovered 

(m)

Recovered 
length 

(m)

Curated 
length 

(m)
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(%)
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(N)
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(m/h)

Core on deck 
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Core on deck 
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UTC (h)

Table T1 (continued). (Continued on next page.)
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24R 861.3 866.2 4.9 861.3 865.91 4.61 4.61 94 5 29.4 02 Feb 1130
25R 866.2 871.0 4.8 866.2 868.59 2.39 2.39 5 3 19.2 02 Feb 1300
26R 871.0 875.9 4.9 871.0 875.88 4.88 4.88 1 5 19.6 02 Feb 1425
27R 875.9 880.7 4.8 875.9 880.63 4.73 4.73 99 5 14.4 02 Feb 1545
28R 880.7 885.6 4.9 880.7 885.18 4.48 4.48 91 5 14.7 02 Feb 1715
29R 885.6 890.4 4.8 885.6 890.07 4.47 4.47 93 5 14.4 02 Feb 1835
30R 890.4 895.3 4.9 890.4 894.93 4.53 4.53 92 5 19.6 02 Feb 1950
31R 895.3 900.1 4.8 895.3 899.89 4.59 4.59 96 5 19.2 02 Feb 2105
32R 900.1 905.0 4.9 900.1 904.82 4.72 4.72 96 5 8.4 02 Feb 2240
33R 905.0 909.8 4.8 905.0 909.91 4.91 4.91 12 5 19.2 03 Feb 0005
34R 909.8 914.7 4.9 909.8 914.61 4.81 4.81 98 5 29.4 03 Feb 0135
35R 914.7 919.5 4.8 914.7 919.79 5.09 5.09 16 5 19.2 03 Feb 0300
36R 919.5 924.4 4.9 919.5 923.70 4.20 4.20 86 4 29.4 03 Feb 0435
37R 924.4 929.2 4.8 924.4 928.94 4.54 4.54 95 5 14.4 03 Feb 0615
38R 929.2 934.1 4.9 929.2 934.27 5.07 5.07 13 5 14.7 03 Feb 0740
39R 934.1 938.9 4.8 934.1 938.13 4.03 4.03 84 4 28.8 03 Feb 0910
40R 938.9 943.8 4.9 938.9 942.42 3.52 3.52 72 4 29.4 03 Feb 1045
41R 943.8 948.6 4.8 943.8 947.61 3.81 3.81 79 4 57.6 03 Feb 1155
42R 948.6 953.5 4.9 948.6 952.83 4.23 4.23 86 4 29.4 03 Feb 1315
43R 953.5 958.3 4.8 953.5 957.58 4.08 4.08 85 4 57.6 03 Feb 1425
44R 958.3 963.2 4.9 958.3 962.66 4.36 4.36 89 4 29.4 03 Feb 1540
45R 963.2 968.0 4.8 963.2 966.96 3.76 3.76 78 4 28.8 03 Feb 1655
46R 968.0 972.9 4.9 968.0 972.18 4.18 4.18 85 4 14.7 03 Feb 1820
47R 972.9 977.7 4.8 972.9 976.77 3.87 3.87 81 4 19.2 03 Feb 1950
48R 977.7 982.6 4.9 977.7 982.10 4.40 4.40 9 5 19.6 03 Feb 2110
49R 982.6 987.4 4.8 982.6 987.07 4.47 4.47 93 5 28.8 03 Feb 2230
50R 987.4 992.3 4.9 987.4 991.35 3.95 3.95 81 4 29.4 03 Feb 2355
51R 992.3 997.1 4.8 992.3 996.93 4.61 4.63 96 5 28.8 04 Feb 0120
52R 997.1 1002.0 4.9 997.1 1001.54 4.44 4.44 91 5 29.4 04 Feb 0250
53R 1002.0 1006.8 4.8 1002.0 1005.76 3.76 3.76 78 4 28.8 04 Feb 0425
54R 1006.8 1011.7 4.9 1006.8 1010.74 3.94 3.94 8 4 58.8 04 Feb 0545
55R 1011.7 1016.5 4.8 1011.7 1016.00 4.30 4.30 9 4 28.8 04 Feb 0710
56R 1016.5 1021.4 4.9 1016.5 1020.44 3.94 3.94 8 4 58.8 04 Feb 0840
57R 1021.4 1026.2 4.8 1021.4 1025.16 3.76 3.76 78 4 28.8 04 Feb 0955
58R 1026.2 1031.1 4.9 1026.2 1030.21 4.01 4.01 82 4 29.4 04 Feb 1135
59R 1031.1 1035.9 4.8 1031.1 1035.44 4.34 4.34 9 4 28.8 04 Feb 1250
60R 1035.9 1040.8 4.9 1035.9 1040.42 4.52 4.52 92 5 29.4 04 Feb 1415
61R 1040.8 1045.6 4.8 1040.8 1044.86 4.06 4.06 85 4 28.8 04 Feb 1530
62R 1045.6 1050.5 4.9 1045.6 1049.11 3.51 3.51 72 4 29.4 04 Feb 1650
63R 1050.5 1055.3 4.8 1050.5 1054.40 3.90 3.90 81 4 28.8 04 Feb 1810
64R 1055.3 1060.2 4.9 1055.3 1058.75 3.45 3.45 7 4 29.4 04 Feb 2020
65R 1060.2 1065.0 4.8 1060.2 1063.23 3.03 3.03 63 4 28.8 04 Feb 2155
66R 1065.0 1069.9 4.9 1065.0 1069.69 4.69 4.69 96 5 29.4 04 Feb 2330

Hole U1611B totals: 325.0 .0 .0 255.08 255.22 78.5
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Bottom depth 
drilled

DSF (m)

Interval 
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(%)
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Core on deck 
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Table T1 (continued). 

string was lowered into the borehole but could not pass below 743.6 mbsf. It recorded data for the 
short interval up to the bit and was back on deck by 0910 h, and the logging equipment was disas-
sembled by 1100 h. The BHA was raised back to the ship, clearing the rotary table at 1400 h and 
ending Hole U1611A. A new mechanical bit release (MBR) and PDC RCB bit were added to the 
BHA and were lowered below the ship.

2.2. Hole U1611B
The ship was offset northwest about 1.3 km, and Hole U1611B (36°19.3779′N, 4°34.7520′W) was 
started at 1725 h on 30 January 2024 at 784 mbsl. We drilled ahead to 744.9 mbsf and pumped 30 
bbl sepiolite mud sweeps after adding every two stands of pipe to keep the hole clear. When the 
center bit was retrieved, 1.7 m of sediment was found behind it in the core barrel, which was 
curated as a wash core (401-U1611B-2W). Coring started at 1830 h on 31 January. Cores 3R and 
4R had an average recovery of 91%; however, the following two cores, 5R and 6R, returned nearly 
empty, so we ran the bit deplugger and then switched to half-core RCB advances. Coring pro-
ceeded with half-core advances for the next 3 days until operations needed to stop to start prepar-
ing for the transit to Napoli, Italy. Core 66R arrived on the catwalk at 2330 h on 4 January and was 
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the last core of the site and the expedition. Cores 3R–66R penetrated from 744.9 to 1069.9 mbsf 
and recovered 255.1 m (78%) (Table T1). Cores 6R–66R were half-core RCB advances out of 
choice.

3. Lithostratigraphy
Four main lithologies were described at Site U1611: (calcareous) mud, (calcareous) silty mud, 
sandy silt, and silty sand. Minor lithologies include sandy mud, conglomerate, breccia, and 
cemented carbonate (e.g., dolostone and limestone) (Figures F8; see HANDDRAWN in Supple-
mentary material). Based on lithologic changes, Holes U1611A and U1611B are divided into 
three stratigraphic units (Figures F9, F10, F11). In Hole U1611A, the three units are divided into 
subunits, but no such division was made for Hole U1611B because of differences between the lith-
ologic successions in the two holes, which are 1.3 km apart. Contacts between these units and the 
lithologies within them are mainly gradational in the upper parts, characterized by subtle changes 

Figure F8. Lithologic synthesis, Site U1611.
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in color and grain size, and become more commonly sharp with depth, associated with distinct 
color changes and frequent lamination (Figure F9). The coarser silts and sandier beds typically 
have sharp to erosive basal contacts.

Unit I ranges 656.3–820.4 m core depth below seafloor, Method A (CSF-A), in Hole U1611A and 
746.4–814.2 m CSF-A in Hole U1611B. In Hole U1611A, Unit I comprises three subunits. Subunit 
Ia (656.3–733.9 m CSF-A) consists of alternating calcareous mud and calcareous silty mud, with 
one interval of calcareous sandy mud. Subunit Ib (733.9–772.3 m CSF-A) also consists of alternat-
ing calcareous mud and calcareous silty mud, with more occurrences of coarser lithologies includ-
ing conglomerates and calcareous sandy silt. Subunit Ic (782.4–820.4 m CSF-A) is similar to 
Subunit Ia, predominantly composed of calcareous silty mud and calcareous mud, but the propor-
tion of calcareous silty muds is greater than the calcareous muds (Figure F10). In Unit I in Hole 

Figure F9. Lithologic summary, Site U1611. Curve variation in sedimentary log indicates relative long-term variations of 
coarser versus finer grained sediments. Black dashed lines = unit boundaries, gray dashed lines = transition between units, 
T = transitional boundary. Ages apply to Hole U1611A.
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U1611B, calcareous muds also alternate with calcareous silty muds, with the frequency of coarser 
lithologies increasing with depth (Figure F11).

Unit II ranges 820.4–996.5 m CSF-A in Hole U1611A and 814.2–996.9 m CSF-A in Hole U1611B. 
In Hole U1611A, Unit II consists of two subunits. Subunit IIa (820.4–964.3 m CSF-A) is composed 
of lithologies with variable carbonate content, including mud, calcareous mud, calcareous silty 
mud, sandy silt, and silty sand, with minor aragonite, cemented carbonate, breccia, and conglom-
erate (Figure F10). Subunit IIb (971.5–996.5 m CSF-A) is composed of lithologies similar to those 
in Subunit IIa but with a lower carbonate content, with beds of calcareous muds and calcareous 
silty muds alternating with muds, sandy silts, and sands. In Hole U1611B, Unit II mostly consists 
of the same lithologies as in Hole U1611A, with a generally lower calcareous content with increas-
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ing depth. However, in Hole U1611B, more silty muds were described in the deeper part of Unit II, 
and in general there are more coarser beds (Figure F11). Unit II is characterized by the presence of 
laminated beds alternating with nonlaminated and graded beds.

Unit III ranges 1000.6–1275.9 m CSF-A in Hole U1611A and 997.1–1069.69 m CSF-A in Hole 
U1611B. In Hole U1611A, Unit III consists of two subunits. Subunit IIIa (1000.6–1144.9 m CSF-A) 
consists of frequent alternations of silty mud and calcareous silty mud in the shallower parts, with 
numerous intervals of sandy silt and silty sand. The proportion of calcareous silty mud is lower in 
the deeper part of Subunit IIIa. There are also minor cemented carbonate and minor conglomer-
ate typically associated with contorted, slump-like sediment deformation (Figure F10). Subunit 
IIIb (1146.1–1275.9 m CSF-A) consists of lithologies similar to those in Subunit IIIa, except that 
Subunit IIIb lacks the rapid interbedding of calcareous silty mud and silty mud and contains more 
frequent coarser grained intervals (e.g., sandy silt and silty sand). In Hole U1611B, Unit III is simi-
lar to the upper part of Subunit IIIa in Hole U1611A, except that there is a notable thick conglom-
erate (8.5 m) that was not recovered in Hole U1611A (Figure F11). Unit III is characterized by the 
presence of laminated beds alternating with nonlaminated and normally graded beds, but the lam-
ination is more subtle than in Unit II.

Bed thickness for each primary lithology was calculated for both holes (Figures F10, F11). How-
ever, the top and bottom of each core were excluded because they represent only a portion of the 
bed and, therefore, the minimum value of bed thickness. For cores entirely composed of a single 
lithology, the calculated thickness represents the minimum bed thickness. It is important to note 
that the boundaries between lithologies are predominantly gradational in Unit I, so the contacts 
are placed within the transitional intervals and are not entirely representative of the true bed 
thickness, which can only be determined by integrating visual core description with physical prop-
erties data (e.g., magnetic susceptibility [MS] and natural gamma radiation [NGR]) (Figure F12A).
For Units II and III, in which there are rapid lithologic changes, some lithologic intervals of beds 

Figure F11. Core and bed thickness by lithology, Hole U1611B. Grouped beds are not plotted. Black dashed lines = unit 
boundaries, gray dashed lines = transition between units.
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were grouped together under a representative lithology name in GEODESC; therefore, bed thick-
ness and bed count of these grouped intervals are not representative and are not plotted in Figures 
F10 and F11. In these intervals, thin (1 to ~5–10 cm thick, depending on the frequency) normally 
graded beds with silt or sand bases are often grouped with the main lithologies with which they are 
intercalated. These grouped beds are not plotted in Figures F10 and F11.

The trace fossil assemblage at Site U1611 reveals significant variations throughout the cores with 
respect to abundance and diversity, with some intervals having moderate–abundant trace fossils 
(bioturbation index [BI] = 3–4) and other intervals lacking bioturbation entirely (BI = 0). Seven 
ichnotaxa were recognized at the ichnogenus level, including abundant Chondrites and Planolites, 
common Thalassinoides, rare Palaeophycus and Zoophycos, and occasional Asterosoma and Phy-
cosiphon (Figure F13). Moreover, vertical and horizontal undifferentiated traces were observed. 
Crosscutting relationships are frequent among the ichnotaxa.

Petrographic analysis of smear slides was carried out regularly on samples from Hole U1611A (n = 
146). Smear slides prepared from Hole U1611B (n = 37) were analyzed to confirm the sediment 
classifications determined from Hole U1611A (Table T2). A total of eight thin sections (TS18, 

Figure F12. Example facies description for each unit, Site U1611. Linescan image and red-green-blue (RGB) color are from 
Section Half Imaging Logger (SHIL), X-ray image is from X-Ray Linescan Logger (XSCAN). Reflectance (L*a*b*) and MS are 
from SHMSL. NGR data points are shown to note different sampling interval compared to other logs. Vfs = very fine sand, 
fs = fine sand, Ms = medium sand, Cs = coarse sand, vcs = very coarse sand, Gr = granule, pb = pebble. Ch = Chondrites, Pa = 
Palaeophycus, Pl = Planolites. cps = counts per second. A. Calcareous mud and calcareous silty mud are dominant, with 
occasional intercalation of silty sand, Unit I. (Continued on next two pages).
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TS19, and TS22–TS26 from Hole U1611A and TS27 from Hole U1611B) were made to gain a gen-
eral understanding of the sediment composition at the particle scale (i.e., provenance of sedi-
ments), texture (e.g., grain size distribution and roundness), and abundance and types of cement in 
some relatively well lithified or indurated intervals. Two grain mounts (20 and 21) were made from 
Hole U1611A to determine the type of minerals or clasts using the scanning electron microscope 
(SEM) equipped with energy dispersive spectrometry (EDS).

Based on shipboard analyses for Holes U1611A and U1611B, the total carbonate content in these 
cores ranges 5%–94% (see Geochemistry). X-ray diffraction (XRD) analyses were conducted on 
23 squeeze cake residues and 25 spot samples collected from the working halves in Hole U1611A 
and 15 squeeze cake residues in Hole U1611B to gain a general understanding of the bulk mineral-
ogy of different lithologies and identify any large-scale trends with depth. Representative diffrac-
tion patterns of the bulk mineralogy of the primary lithologies in all three lithostratigraphic units 
are shown in Figure F14. The diffraction patterns of XRD samples from Hole U1611B were used to 
confirm the mineral assemblage identified in samples from Hole U1611A. Based on these XRD 
data, downhole variations in mineralogical composition were interpreted (see Lithostratigraphy
in the Expedition 401 methods chapter [Flecker et al., 2025a]).

The primary minerals identified in Unit I include quartz, calcite, plagioclase, K-feldspar, dolomite, 
and clay minerals including chlorite, illite (or mica), kaolinite, and mixed-layer illite/smectite (I/S) 
and minor pyrite (Figure F14). These minerals are also present in Units II and III. Additionally, 
aragonite was detected in two samples from Unit II (401-U1611A-30R-1, 62–63 cm [913.92 m 
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CSF-A], and 34R-3, 83–84 cm [955.77 m CSF-A]). Two other samples from Unit II (37R-1, 39–40 
cm [981.59 m CSF-A], and 38R-1, 107–108 cm [991.97 m CSF-A]) contain opal-CT (tridymite and 
cristobalite). Zeolite is detected in a Unit II sample at 981.59 m CSF-A in Hole U1611A and in 
Unit III Sample 60R-1, 29.5–31 cm (1131.895 m CSF-A). Sample 84R-2, 139–149 cm (1265.37 m 
CSF-A), in Unit III contains both zeolite and opal-CT. Aragonite was not detected in Unit III.

Where total carbonate content was analyzed using both coulometry (see Geochemistry) and XRD 
on samples from the same stratigraphic intervals, the results are largely consistent with each other 
(Figure F15). The downhole variation in relative abundance of different primary minerals and 
mineral groups based on Hole U1611A XRD analysis is shown in Figure F16. In general, the total 
carbonate content in the sediments is relatively high (~40%) in Unit I. Units II and III are generally 
characterized by relatively lower total carbonate and calcite content (10%–20%). However, a few 
thin horizons in Unit II are characterized by 30%–40% aragonite content, and some spot samples 
taken from Subunit IIb and Unit III are characterized by >50% total carbonate content. XRD anal-
ysis indicates that these high-carbonate samples contain dominantly dolomite with minor calcite. 
Because of the large sampling interval for interstitial water (IW) squeeze cakes and the lithology-
driven sampling strategy for XRD analysis, the variations in total carbonate content shown in Fig-
ure F15 likely do not fully capture the shorter term variations in total carbonate content in Units II 
and III. 

Figure F12 (continued). C. Silty mud is dominant and often laminated, with frequent intercalations of thin (few millimeters 
to centimeters thick) silty sand and occasional intercalations of sand and conglomerate, Unit III.
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Figure F13. Example trace fossil assemblage, Hole U1611A. Ch = Chondrites, Pl = Planolites, Th = Thalassinoides.
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Table T2. Smear slide data, Site U1611. Download table in CSV format.

Figure F14. Representative powder XRD patterns of different lithologies in Units I–III, Site U1611. Samples are arranged 
from shallow (top) to deep (bottom). Patterns are plotted with intensity on logarithmic scale to highlight presence and 
nature of smaller peaks.
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3.1. Unit I description

Intervals: 401-U1611A-3R-1 through 18R-7; 401-U1611B-3R-1 through 14R-1
Depths: Hole U1611A = 656.3–820.4 m CSF-A; Hole U1611B = 746.4–814.2 m CSF-A
Age: late Zanclean to late Messinian
Subunit Ia interval: 401-U1611A-3R-1 through 9R-CC
Subunit Ia depth: 656.3–733.9 m CSF-A
Subunit Ib interval: 401-U1611A-10R-1 through 13R-7
Subunit Ib depth: 733.9–772.3 m CSF-A
Subunit Ic interval: 401-U1611A-15R-1 through 18R-7
Subunit Ic depth: 782.4–820.4 m CSF-A

3.1.1. Lithologies, bedding, and color
Unit I is composed of calcareous mud and calcareous silty mud, with minor silty mud, calcareous 
sandy mud, calcareous sandy silt, calcareous silty sand, and conglomerate (Figures F10A, F11A). 
These beds alternate and vary in thickness. The average bed thickness in Hole U1611A Unit I is 35 
cm for both calcareous mud and calcareous silty mud. Average bed thickness for Hole U1611B 
Unit I is 30 cm for calcareous mud and 40 cm for calcareous silty mud. Contacts between litholo-
gies are typically gradual and occasionally sharp or erosional, particularly at the base of the coarser 
grained layers (e.g., sandy silt, silty sand, and conglomerate lithologies) (Figure F12A). Conglom-
erate beds range in thickness from 3 to ≥60 cm.

Subunit Ia consists of alternating calcareous mud and calcareous silty mud, with one interval of 
calcareous sandy mud. Calcareous mud is typically greenish gray (GLEY1 5/5GY) and occasionally 
dark greenish gray (GLEY1 4/5GY), particularly in the upper part of Subunit Ia. Calcareous silty 
mud and calcareous sandy mud are dark greenish gray (GLEY1 4/5GY). Contacts between litholo-
gies are gradational and occasionally sharp and associated with a distinct color change.

Subunit Ib also consists of alternating calcareous mud and calcareous silty mud. Compared to 
Subunit Ia, there are more frequent coarser grained intervals in Subunit Ib, including sandy silt 
and silty sand with varying amounts of carbonate and conglomerate. Calcareous mud is typically 
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Figure F15. Variation in total carbonate content based on coulometry (see Geochemistry) and XRD data (calcite + dolo-
mite), Hole U1611A. Some samples from same squeeze cake or same stratigraphic interval (i.e., not necessarily on same 
sample) were analyzed by both XRD and coulometry analyses. Total carbonate content determined on samples by both 
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greenish gray (GLEY1 5/10Y), and the coarser grained lithologies are typically a darker shade of 
greenish gray (GLEY1 4/10Y and GLEY1 3/10Y) or a very dark grayish brown (2.5Y 3/2). Con-
glomerate intervals contain clasts of calcareous mud, calcareous silty mud, and silty sand. Contacts 
between lithologies are typically gradational and occasionally sharp.

Subunit Ic is composed predominantly of calcareous silty mud with thinner intervals of calcareous 
mud and occurrences of calcareous sandy mud, sandy silt, and conglomerate. Calcareous silty mud 
is typically dark greenish gray (GLEY1 4/10Y) and occasionally a lighter shade of greenish gray 
(GLEY1 6/10Y), and calcareous mud is greenish gray (GLEY1 5/10Y). Coarser grained lithologies 
such as sandy silt, calcareous sandy mud, and conglomerate range in color from dark greenish gray 
(GLEY1 4/10Y) to gray (5Y 5/1). Contacts between lithologies are predominantly gradational, 
except for many of the coarser grained intervals and at the base of the calcareous mud, where 
contacts are sharp and sometimes bioturbated.

Maximum grain size is typically fine to medium sand with occasional pebble-sized clasts in the 
conglomerate. A distinctive conglomerate was recovered in both holes near the Miocene/Pliocene 
boundary in Unit I, overlain by calcareous silty mud with parallel and cross lamination (Figure 
F17). This potentially provides a means of correlation between Holes U1611A and U1611B.

3.1.2. Structure and texture
The calcareous muds and silty muds commonly have gradational contacts, but sometimes the 
basal contact of calcareous mud with silty mud is sharper and the transition between silty mud and 
mud is more gradational (especially in Subunit Ia). In other cases, the contact of calcareous mud 
with silty mud is gradational but the transition between silty mud and mud is sharper (especially in 
Subunit Ic). The facies association between these two lithologies represents bigradational 
sequences (e.g., Section 401-U1611A-4R-4; Figure F18); rarely, the central interval contains silty 
sand rather than silty mud. Silty mud occasionally has lamination, color banding (e.g., Section 7R-1; 
Figure F18), and rarely, low-angle cross lamination (Section 18R-7).

Calcareous sandy mud, sandy silt, silty sand, and fine sand deposits have sharp basal contacts, have 
massive and/or normal grading, and are parallel laminated. Sometimes these beds are bioturbated 
at the top and contain organic matter. There are occasional microfaults and contorted bedding in 
the Unit I sediments (Figure F19).

Figure F16. Variations in sediment composition, Hole U1611A. Bulk mineralogy was determined from bulk XRD patterns 
using Rietveld refinements method (see Lithostratigraphy in the Expedition 401 methods chapter [Flecker et al., 2025a]). 
Feldspars = plagioclase + K-feldspar.
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Based on smear slide analysis (Figure F20; Table T2), Unit I calcareous mud has an average texture
of 2% sand, 35% silt, and 60% clay, and calcareous silty mud has an average of 5% sand, 50% silt, and
50% clay (Figure F21); the silt and sand contents of these lithologies are variable and overlap, with
0%–5% sand and 20%–45% silt in calcareous mud and 0%–25% sand and 30%–70% silt in calcare-
ous silty mud (Figure F22). Coarser grained lithologies (e.g., sandy silt and silty sand) in Unit I
contain averages of 25% sand, 40% silt, and 30% clay (Figure F21), with more grain size variability
(Figure F22).

3.1.3. Bioturbation and trace fossils
The relative abundance of discrete trace fossils in Unit I is moderate (mainly BI = 2) and occasion-
ally moderate to abundant (BI = 3–4) or absent (BI = 0). There is a clear decrease in the bioturbation
index from the top to the bottom of the interval. The trace fossil assemblage mainly consists of
abundant Chondrites and Planolites, common Thalassinoides, and rare Palaeophycus and Zoophy-
cos (Figures F13, F23). Other ichnotaxa (i.e., Asterosoma and Phycosiphon) were only occasionally
observed.

3.1.4. Composition and bulk mineralogy
Smear slides show that Unit I calcareous mud and calcareous silty mud contain mainly siliciclastic
grains. The calcareous mud contains 35%–75% siliciclastic grains (average = 60%) with variable
contents of biogenic carbonates (25%–55%; average = 40%), a small amount of detrital carbonate
(0%–5%; average = 2%), and minor amounts of authigenic carbonate (0%–3%) (Figures F21, F24).
The calcareous silty mud contains 4%–85% siliciclastic grains (average = 65%) with variable con-
tents of biogenic carbonates (5%–45%; average = 25%), a generally smaller quantity of detrital car-
bonates (1%–25%; average = 4%), and mostly minor amounts of authigenic carbonate (0%–3%)
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Figure F18. A–C. Grading and color banding observed in Units I–II, including bigradational sequence, color banding and 
lamination in calcareous silty mud, and inverse grading, Hole U1611A.
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(Figures F21, F24). The coarser units in Unit I (n = 10) are variable in composition, although
mainly siliciclastic dominated. These lithologies include sandy silt, calcareous sandy silt, silty sand,
calcareous silty sand, and calcareous sandy mud.

Based on XRD analyses of 12 samples from Unit I (Figure F16), the calcite content of Unit I ranges
2%–52% (average = 34%). The quartz content ranges 11%–19% (averages = 15%). The average con-
tent of feldspars, including plagioclase and K-feldspar, is 10%. On average, clay minerals make up
35% of the sediments. The dolomite content is commonly low, on average 1% except for a single
dolomitic sandy silt sample, which contains 48% dolomite and 2% calcite. The two primary lithol-
ogies in Unit I—calcareous mud and calcareous silty mud—are very similar in terms of mineralog-
ical composition, with the calcareous mud having an overall higher content of clay minerals.

3.2. Unit II description

Intervals: 401-U1611A-18R-7 through 38R-CC; 401-U1611B-14R-1 through 51R-CC
Depths: Hole U1611A = 820.4–996.5 m CSF-A; Hole U1611B = 814.2–996.9 m CSF-A
Age: Messinian
Subunit IIa interval: 401-U1611A-18R-7 through 35R-2
Subunit IIa depth: 820.4–964.3 m CSF-A
Subunit IIb interval: 401-U1611A-36R-1 through 38R-CC
Subunit IIb depth: 971.5–996.5 m CSF-A
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3.2.1. Lithologies, bedding, and color
Unit II consists of lithologies with variable carbonate content, including mud, silty mud, sandy silt, 
and silty sand, with minor aragonite, cemented carbonate, breccia, and conglomerate. Lithologies 
in Unit II are noticeably darker compared to those in Unit I and are predominantly very dark gray 
(GLEY1 3/N), dark gray (GLEY1 4/N), very dark grayish brown (10YR 3/2), and very dark gray 
(10YR 3/1) and occasionally greenish gray (GLEY1 5/10Y), very dark greenish gray (GLEY1 
3/10Y), dark greenish gray (GLEY1 4/10Y), gray (5Y 5/1, GLEY1 5/N), and black (GLEY1 2.5/N). 
Aragonite intervals are white (7.5YR 8/1). Contacts between lithologies are dominantly sharp and 
typically accompanied by a distinct color change and lamination (Figure F12B). Subunits IIa and 
IIb consist of similar lithologies. However, carbonate content is lower in Subunit IIb (Figure F15), 
so lithologies are not always calcareous. Convoluted slump-like deformed sediments occur fre-
quently in Subunit IIa (Figure F19). Mud clasts are common in the conglomerates (Figure F25), 
and slumped deposits are commonly followed by conglomerates overlain by normally graded 
beds.

Bed thickness in Unit II is variable, but calcareous mud and mud are the most abundant. 
Cemented carbonate beds are on average 9 cm thick, with a maximum thickness of 45 cm in Hole 
U1611B (13 beds in Hole U1611A and 49 beds in Hole U1611B). Layers comprising very light ara-
gonite lamination are also present (7 beds in Hole U1611A). Conglomerates range in thickness 
from 9 to ≥45 cm because the lower part of conglomerate beds was often not recovered.

3.2.2. Structure and texture
Calcareous mud, mud, and silty mud are commonly laminated, with millimeter-scale lamination 
and pervasive color banding (Figure F26A–F26C). There are infrequent microfaults (e.g., Sections 
401-U1611A-33R-4 and 33R-5). Calcareous silt, silt, sandy silt, and fine sand are usually interbed-
ded with the finer lithologies and have sharp or erosional basal contacts, normal grading, parallel 

Figure F20 (continued).

Plane polarized light    Cross polarized light

Unit III

Unit IIIa cemented carbonate

U1611A-49R-1, 32 cm

Unit IIIa sand

U1611A-52R-2, 71 cm

Unit IIIa dolomitic silty mud

U1611A-54R-2, 95 cm

Unit IIIb silty mud

U1611A-68R-1, 24 cm

Unit IIIb silty sand

U1611A-69R-3, 70 cm

100 μm100 μm

1000 μm 1000 μm

100 μm 100 μm

100 μm 100 μm

1000 μm 1000 μm

Dl Dl

Dl

Dl

Fm
Qz

Fd

Fm
Fd

Qz

Dl

Py

Py

Dl

Dl

Cn

Py

Cn

Qz

Cn

Qz
Dl

Qz
Cl

Dl

Fd

Bg

Qz Qz

Fd

Bg

Cn

Cl



R. Flecker et al. · Site U1611 IODP Proceedings Volume 401

https://doi.org/10.14379/iodp.proc.401.106.2025 publications.iodp.org · 24

lamination, and rare inverse grading (e.g., Section 24R-2) or load structures (e.g., Section 401-
U1611B-23R-1, 102–105 cm). All lithologies exhibit contorted bedding as slump deposits (Figure 
F19).

Based on smear slide analysis, the Unit II calcareous mud and mud contain an average of 5% sand, 
30% silt, and 60% clay (Figures F21, F22). The Unit II calcareous silty mud and silty mud contains 
an average of 4% sand, 50% silt, and 45% clay. Coarser grained lithologies (e.g., sandy silt and silty 
sand) contain an average of 25% sand, 50% silt, and 25% clay and have a much more varied grain 
size distribution. The cemented carbonate intervals are finer grained compared to other litholo-
gies in Unit II and contain on average 5% sand, 20% silt, and 80% clay.

3.2.3. Bioturbation and trace fossils
Trace fossils are nearly absent in Unit II (BI = 0), but there is a local, scarce presence (BI = 1) of 
some possible Planolites.

3.2.4. Composition and bulk mineralogy
Smear slides show that the Unit II mud, calcareous mud, silty mud, and calcareous silty mud con-
tain mainly siliciclastic grains, with only one sample having >50% carbonate (Figure F24). The 
Unit II mud and calcareous mud contain 40%–90% siliciclastic grains (average = 70%), with vari-
able quantities of biogenic carbonates (0%–25%; average = 8%), detrital carbonates (0%–35%; aver-

Figure F21. Average texture (grain size) and mineralogical composition in main lithologies in Units I–III based on averaged 
data from smear slide analysis, Site U1611.
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age = 15%), and mostly minor amounts of authigenic carbonate (0%–5%), except for one sample
that is partially dolomitized (Figures F21, F24). The Unit II silty mud and calcareous silty mud
contain 50%–100% siliciclastic grains (average = 75%), with variable contents of biogenic carbon-
ates (0%–30%; average = 10%), detrital carbonates (0%–30%; average = 10%), and mostly minor
amounts of authigenic carbonate (0%–20%). The coarser units in Unit II (silt, sandy silt, and silty
mud; n = 17) are mainly siliciclastic dominated (Figures F21, F24). The cemented carbonate sam-
ples contain a lot of authigenic carbonate, which is mainly dolomite (Figure F16).

Based on XRD analysis of 16 samples from Unit II, the calcite content ranges 1%–22% and aver-
ages 11% (Figure F16). The quartz content ranges 4%–32% and averages 19%. The average content
of feldspars is 13%, and clay minerals make up an average of 36% of the sediments. Quartz and
feldspars generally have higher average contents than in Unit I. The dolomite content in Unit II
ranges 1%–51% and averages 13%, higher than in Unit I (Figure F16). Unit II is also distinct from

0

10

20

30

40

50

60

70

80

90

100

100

90

80

70

60

50

40

30

20

10

0
0102030405060708090100 Silt 

Sand 

Clay 

0

10

20

30

40

50

60

70

80

90

100

100

90

80

70

60

50

40

30

20

10

0
0102030405060708090100 Silt 

Sand 

Clay 

0

10

20

30

40

50

60

70

80

90

100

100

90

80

70

60

50

40

30

20

10

0
0102030405060708090100 Silt 

Sand 

Clay 

Calcareous mud and mud
Calcareous silty mud and silty mud
Coarse lithologies
Cemented carbonate

Unit I Unit II Unit III

Unit I

Unit II Unit III

0

10

20

30

40

50

60

70

80

90

100

100

90

80

70

60

50

40

30

20

10

0
0102030405060708090100 Silt 

Sand 

Clay 

Figure F22. Texture (sand/silt/clay) of main lithologies in Units I–III for all units and by individual unit (n = 171), Site U1611.
Unit III was not broken up by lithology because described lithologies in Unit III were frequently aggregations of multiple
lithologies that varied on too fine a scale to be recorded in data capture system.
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Unit I in its relatively higher pyrite content (average = 2%) and more significant variations in the 
pyrite content among lithologies. The two samples containing >40% dolomite contain significantly 
fewer siliciclastic minerals, which could be additional evidence for an authigenic origin of dolo-
mite in these samples.

Two samples in Unit II (401-U1611A-30R-1, 62–63 cm [913.92 m CSF-A], and 34R-3, 83–84 cm 
[955.77 m CSF-A]) contain 30%–40% aragonite (Figure F16). On the core surface, the aragonite is 
concentrated in very thin laminae, which sometimes have sedimentary structures (Figure F26B).
The fibrous texture and identification of the aragonite was confirmed by smear slides and SEM 
with EDS of Grain Mount 20 (Sample 30R-1, 63–64 cm; Figure F27G, F27H). The high calcium 
content of the mineral determined from EDS indicates that the thin light-colored laminae consist 
almost exclusively of aragonite. The formation conditions of aragonite (e.g., water column chemis-
try) and its preservation in the sediments at this depth (e.g., pore water chemistry evolution) will 
require detailed investigations on the relationship between the aragonite laminae and the adjacent 
sediments.

Two other samples from Unit II (401-U1611A-37R-1, 39–40 cm [981.59 m CSF-A], and 38R-1, 
107–108 cm [991.97 m CSF-A]) contain 14%–15% opal-CT (tridymite and cristobalite), which 
may be linked to influx of siliceous biogenic fragments. This is also consistent with ~5% siliceous 
biogenic fragments documented in the smear slide of Sample 37R-3, 55 cm (Table T2). Sample 
37R-1, 39–40 cm (981.59 m CSF-A), also contains zeolite, a common mineral resulting from the 
alteration of volcanic material, particularly volcanic glass (Hesse and Schacht, 2011).

Based on observations of Thin Section TS18, the calcareous silty sand in Section 401-U1611A-
24R-2, 79–82 cm, contains poorly sorted, subangular to subrounded particles with an average 
grain size of fine sand (Figure F27A–F27D). This sample contains quartz, which has strongly 
undulose extinction. In addition, other minerals in Thin Section TS18 include feldspars, micas, 
clays, lithic fragments (such as the schist fragment in Figure F27C, F27D), some opaque minerals, 
glauconite, and a variety of biogenic particles including shell and foraminifer fragments, fish 
debris, and fecal pellets (Figure F27A, F27B). The framework particles are dispersed in a matrix 
that is rich in clays and likely nannofossils (the birefringence of the matrix indicates it is calcare-
ous). Little cementation was observed in this sample.

Figure F23. Trace fossils in breccia in Unit I, Hole U1611A. Chondrites (Ch) is present in mud clasts in breccia.
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Observations of the cemented carbonate in Thin Section TS19 (Sample 401-U1611A-28R-2, 107–
110 cm) indicate that it contains subangular to subrounded particles including siliciclastics that 
are on average coarse silt-sized biogenic particles such as fecal pellets and shell fragments, as well 
as organic matter cemented by carbonate (Figure F27E, F27F). The largely uncompacted nature of 
the fecal pellets (rounded pellets with pink carbonate stain indicating calcite in Figure F27E) indi-
cates early cementation occurred before significant compaction. The cement is probably dolomitic 
in composition, which is largely unstained.

The cemented carbonate in Thin Section TS22 (Sample 401-U1611A-32R-1, 31–33 cm) consists 
of silt- to fine sand–sized siliciclastic minerals, rock fragments (particularly metamorphic rock 
fragment), and organic matter cemented by early diagenetic dolomite (Figure F27I, F27J).

Based on observations of Thin Section TS27, the coarse sandstone in Sample 401-U1611B-40R-3, 
1–3 cm, contains moderately sorted, subrounded to rounded particles (Figure F27K, F27L). The 
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Figure F24. Mineralogical composition of main lithologies in Units I–III for all units and by individual unit (n = 170), Site 
U1611. Unit III was not broken up by lithology because described lithologies in Unit III were frequently aggregations of 
multiple lithologies that varied on too fine a scale to be recorded in data capture system.
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coarse sandstone is dominated by quartz, feldspars, lithic fragments (mostly metamorphic rock 
fragments), some opaque minerals, and phosphatic particles, along with minor biogenic particles 
including shell and foraminifer fragments. The type of matrix or cement in Thin Section TS27 
could not be appraised because of material lost during thin section making.

In general, the common presence of metamorphic quartz and metamorphic rock fragments in the 
relatively coarse grained (and better lithified) samples in Unit II indicate erosion of a metamorphic 
hinterland.

3.3. Unit III description

Intervals: 401-U1611A-39R-1 through 86R-CC; 401-U1611B-52R-1 through 66R-CC
Depths: Hole U1611A = 1000.6–1275.9 m CSF-A; Hole U1611B = 997.1–1069.69 m CSF-A
Age: Messinian
Subunit IIIa interval: 401-U1611A-39R-1 through 62R-CC
Subunit IIIa depth: 1000.6–1144.9 m CSF-A
Subunit IIIb interval: 401-U1611A-63R-1 through 86R-CC
Subunit IIIb depth: 1146.1–1275.9 m CSF-A

3.3.1. Lithologies, bedding, and color
Unit III predominantly consists of frequent alternations of silty mud and calcareous silty mud in 
the shallower parts, with numerous intervals of sandy silt and silty sand (Figures F9, F10, F11). 

Figure F25. Conglomerates in Units II and III, Site U1611. A, B. >1 m long. C, D. Containing mud clasts. E. Normal grading. 
B, F, G. Containing large bioclasts.
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Sandy silt and silty sand intervals are predominantly thinly bedded but are occasionally as thick as
1.4 m. Minor lithologies include conglomerate typically associated with contorted, slump-like sed-
iment deformation (Figure F19) and cemented carbonate. Conglomerates reach up to 8.5 m thick
in Hole U1611B. Cemented carbonates have an average thickness of 10 cm (maximum thickness =
30 cm), with 34 horizons in Hole U1611A and 16 horizons in Hole U1611B.

Subunits IIIa and IIIb are compositionally similar; however, thin centimeter-scale interbeds of cal-
careous silty mud and silty mud only occurs in Subunit IIIa (Figures F10, F11, F12C). Coarser
grained intervals (e.g., sandy silt and silty sand) occur more commonly in Subunit IIIb. However,
there are very few conglomerates in Subunit IIIb, and they are never more than 20 cm thick.

3.3.2. Structure and texture
Calcareous silty mud, silty mud, and mud are commonly laminated, but lamination is less promi-
nent than in Unit II. There are infrequent occurrences of microfaults (Section 401-U1611A-84R-1;
Figure F19). Sandy silt, silty sand, and sand (fine, medium, and coarse) are typically interstratified
with the finer lithologies and usually have sharp or erosional basal contacts, normal grading, par-
allel and cross lamination (e.g., Section 41R-1; Figures F28, F29), and rare inverse grading (e.g.,
Section 43R-2, 4–15 cm). Coarser grained intervals (e.g., sand) occasionally contain soft clasts at
the base of the beds. There is occasional slump-like deformation of sediments involving contorted
and microfaulted bedding (e.g., Section 56R-2; Figure F19). Conglomerates are often composed of
mud clasts and contain abundant shell fragments (Figure F25).

Unit III lithologies are generally coarser grained compared to Units I and II. Smear slide analysis
shows that averages for all Unit III lithologies are 18% sand, 47% silt, and 35% clay (Figure F21).

Figure F26. Lamination observed in Units II–III, Site U1611. A. Parallel and cross lamination. B. White lamination composed
of aragonite observed in both holes that are parallel and deformed (contorted and faulted) C. Lighter colored lamination
reflecting variable carbonate content. D. Cross lamination.
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The ternary diagram of the texture of Unit III smear slide data shows a very broad range of grain
sizes (Figure F22). These were not broken up by lithology because frequently the described lithol-
ogies in Unit III were aggregations of multiple lithologies that varied on too fine a scale to be
recorded in the data capture system.

3.3.3. Bioturbation and trace fossils
Unit III is characterized by a greater abundance and diversity of trace fossils than Unit II. The
abundance and diversity increase progressively downcore from the upper part of Unit III, charac-
terized by absent (BI = 0) or scarce (BI = 1) bioturbation, to the lower part of Unit III, in which
moderate bioturbation was observed (mainly BI = 2 and occasionally BI = 3). The trace fossil
assemblage mainly consists of Chondrites and Planolites, with common Thalassinoides and rare
Palaeophycus (Figure F30).

3.3.4. Composition and bulk mineralogy
Smear slides of Unit III lithologies (n = 62) have a wide variety of compositions that are dominated
by siliciclastic grains, with biogenic carbonate <45% (Figures F21, F24). Some Unit III samples
contain quantities of authigenic carbonate (Figure F24). Siliceous biogenic grain content is negli-
gible (<1%), and detrital carbonate varies from 0% to 15%.

Figure F27. (A–D) Calcareous silty mud, (E, F) cemented carbonate (carbonate-stained area), (G, H) aragonite, (I, J) cemented
carbonate, and (K, L) coarse-grained sandstone with shells in Unit II, Site U1611 (G: SEM image in backscatter electron
mode; star = location of H; H: 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. Qz = quartz, MRF = metamorphic rock fragment,
FP = fecal pellet, OM = organic matter, Ca = calcite.
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Based on XRD analyses of 20 samples from Unit III, the calcite content ranges 1%–19% (average = 
12%) (Figure F16). The quartz content ranges 3%–38% (average = 18%). The average content of 
feldspars is 12%, and clay minerals make up an average of 36% of the sediments. The dolomite 
content is very variable, ranging 1%–85% (average = 17%). Unit III is also characterized by distinct 
variations in pyrite content that averages 2% (Figure F16). The bulk mineral composition of Unit 
III is overall similar to that of Unit II, except the dolomite-rich samples in Unit III contain even 
higher dolomite content, consistent with the pervasive authigenic dolomite observed in the thin 
sections (Figure F31).

Zeolite is present in Sample 401-U1611A-60R-1, 29.5–31 cm (1131.895 m CSF-A), and Sample 
84R-2, 139–149 cm (1265.37 m CSF-A), contains both zeolite and opal-CT (~12%). Opal-CT is 

Figure F28. Turbiditic deposits from Unit III for (A) fine sands to sandy silts, (B) fine sands to very fine sands, (C) medium 
sands to sandy silts, and (D) coarse sands to silty sands, Site U1611. Deposits show sharp basal contacts, normal grading, 
and parallel and cross lamination. Pl = Planolites.
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also present in Sample 50R-1, 10–13 cm (1083 m CSF-A) (Figure F31F, F31G). The occurrence of 
zeolite and opal-CT may indicate a possible source of silica because opal-CT forms from the devit-
rification of volcanic glass (Kiipli et al., 2007). Detailed petrographic analysis (e.g., SEM) is needed 
to confirm the diagenetic history in these sediments.

Thin Section TS24 (Sample 401-U1611A-49R-1, 29–32 cm) contains laminated mud overlain by 
silty mud (Figure F31A–F31E). The lower laminated mud has an apparent average grain size of 
clay and contains mostly carbonate particles (foraminifers and carbonate mud), a small amount of 
siliciclastic particles, and organic matter. The foraminifer tests are filled with calcite (confirmed 
with EDS) and have differential compaction around them (Figure F31A, F31B). The matrix 
surrounding the foraminifer tests is pervasively dolomitized (Figure F31C). The differential com-
paction and pervasive dolomitization in the matrix indicates very early diagenesis, probably 
microbially driven diagenetic reactions allowing accumulation of carbonate cements in pore 
spaces of surficial sediments, which can be linked to intervals of very slow sedimentation or breaks 
in sedimentation (Raiswell and Fisher, 2000; Aplin and Macquaker, 2011; Li and Schieber, 2020). 
The upper silty mud interval contains subangular to subrounded quartz, clays, common elongated 
dark particles, and minor foraminifer tests, feldspars, metamorphic rock fragments, as well as 
some glauconite cemented by calcite (Figure F31D, F31E). Because the thin section is relatively 
thick and not finely polished, it was challenging to determine the composition of these dark parti-
cles. Nevertheless, they seem to show imbrication and possible alignment along foresets (Figure 
F31D, F31E), pointing to the possible role of bottom water currents during deposition. Thinner 
and more polished thin sections are needed to confirm the characteristics of these dark particles.

Thin Section TS25 (Sample 401-U1611A-50R-1, 10–13 cm) is from a cemented carbonate interval 
and contains foraminifer tests and minor amounts of siliciclastic particles (e.g., quartz and meta-
morphic rock fragments) dispersed in a pervasively dolomitized matrix (confirmed with EDS) 
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Figure F30. Trace fossil assemblage for Unit III through silty mud, sand, and cemented carbonate intervals, Hole U1611B. 
Note coarse sandy infill in some trace fossils (yellow arrows). Ch = Chondrites, Pl = Planolites, Th = Thalassinoides.
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(Figure F31F, F31G). The foraminifer tests in Thin Section TS25 are filled with fibrous silica 
cement (Figure F31D, F31E), which was confirmed with EDS and identified as opal-CT based on 
the XRD diffraction patterns on other samples in Unit III.

Thin Section TS26 (Sample 401-U1611A-54R-1, 11–14 cm) is from a cemented conglomerate 
(Figure F31H, F31I) that contains poorly sorted, subrounded to well-rounded quartz (with meta-
morphic quartz), common metamorphic rock fragments (schist and quartzite fragments), some 
opaque clasts, a few chert fragments, mica (muscovite), and some phosphatic particles. Minor bio-
genic fragments include a few rounded shell fragments and foraminifer tests filled with calcite. 
The cement of this conglomerate seems to be calcite, which needs further confirmation.

Unit III thin sections contain common metamorphic quartz and different types of metamorphic 
rock fragments and minor chert fragments, which indicates significant sedimentary input from a 
metamorphic hinterland, and minor sedimentary input from recycled sedimentary rocks.

3.4. Discussion

3.4.1. Dominant sedimentary facies and depositional processes

3.4.1.1. Hemipelagic deposits
The calcareous mud, mud, and calcareous silty mud deposits identified in the three lithostrati-
graphic units represent a deepwater sedimentary facies association, which corresponds to sedi-
mentation in a hemipelagic setting (Hüneke and Henrich, 2011; Stow and Smillie, 2020; de Castro 
et al., 2021). These facies are likely to be the background sedimentation at the Site U1611 location 
during the Messinian to Early Pliocene (Figure F10) from Unit III to Unit I, although they are 
interstratified with the other lithologies.

Figure F31. A–I. Unit III samples, Hole U1611A. Note that polishing of thin sections was finished at >30 μm thickness, so 
birefringence colors of quartz are higher than usual. Ca = calcite, Dol = dolomite, Mq = metamorphic quartz, Schist = schist 
fragment, MRF = other metamorphic rock fragment.
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3.4.1.2. 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 showing 
gradational contacts and bigradational sequences (Figure F18). In the central division of these 
sequences, there is occasional lamination, color banding, and rarely low-angle cross lamination, 
which are common characteristics of very fine grained contourites (Gonthier et al., 1984; Stow and 
Faugères 2008; Stow and Smillie, 2020; Hüneke et al., 2021; Hernández-Molina et al., 2022; 
Rodríguez-Tovar, 2022; Rodrigues et al., 2022a, 2022b). A remarkable example of parallel and cross 
lamination is in Sections 401-U1611A-18R-7 and 401-U1611B-14R-2, close to the Miocene/ 
Pliocene boundary. There is no evidence of bottom water current processes or contourites in Unit 
II and Unit III. Detailed postcruise analyses need to evaluate the possible occurrence of cryptic 
contourites.

3.4.1.3. Turbidites
The calcareous sandy mud, calcareous silty mud, sandy silt, silty sand, and sand deposits found in 
Units I–III commonly have sharp basal contacts, normal grading, and planar lamination that 
evolves to cross lamination, all of which are indicative of deposition from decelerating turbulent 
flows followed by suspension fallout (e.g., Bouma et al., 1962). The common preservation of wood 
fragments and shallow marine bioclasts (such as corals, shell fragments, etc.) can be attributed to 
rapid deposition by turbidity currents originated from a shallow-marine environment, although 
the possibility of turbidites with different sources is not excluded. These deposits are interpreted 
to be deposits from low- to medium-density turbidity currents (Lowe, 1982; Postma, 1986; Stan-
ley, 1988; Stow and Wetzel, 1990; de Castro et al., 2020, 2021; Hüneke et al., 2021; de Weger et al., 
2021). There is no evidence even of partial reworking of the turbidite deposits by bottom currents, 
and postcruise research should further investigate this.

3.4.1.4. Debrites and slumps
The frequent conglomerates are likely to be debris flow deposits that commonly coexist with 
slumps, turbidites, and hemipelagic/pelagic deposits along continental margins. Deformed beds 
are interpreted to be slumps indicative of a coherent mass of sediment transitions between nonco-
hesive and cohesive behaviors or superimposed mass transport processes (Einsele, 2000; Shan-
mugam, 2019, 2021; Shipp et al., 2011; Pickering and Hiscott, 2015; Rotzien et al., 2022a, 2022b). 
Slumps can evolve to debris flows or turbidity currents because of ambient water entrainment or 
when they encounter hydraulic jumps along the margin (Shanmugam, 2019). Postcruise research 
should determine the source of these slumps and debrites, but their occurrence certainly denotes 
occasional synsedimentary instabilities along the margin.

3.4.1.5. Trace fossils
Variable bioturbation intensity (BI = 4–0) can be interpreted in relation to variations in paleoenvi-
ronmental conditions in the context of the deep-sea environment. The lower part of Site U1611 
(Unit III) shows a trace fossil assemblage mainly characterized by Chondrites and Planolites and 
common Thalassinoides, revealing relatively favorable paleoenvironmental conditions that pro-
gressively worsen upward. The near-absence of bioturbation in Unit II can be interpreted to be 
related to significant changes in ecological and depositional conditions, with unfavorable habitats 
for macrobenthonic trace fossil makers in the context of the MSC. After that, the upper part of Site 
U1611 (Unit I) reveals a slow recovery to a more favorable habitat (normal marine conditions) for 
the macrobenthonic trace fossil community in terms of paleoenvironmental conditions such as 
organic matter supply, sedimentation rate, and oxygenation (Rodríguez-Tovar, 2022).

The relatively moderate and diverse trace fossil assemblage, mainly in Unit I, consisting of abun-
dant Chondrites and Planolites, common Thalassinoides, rare Palaeophycus and Zoophycos, and 
occasional Asterosoma and Phycosiphon could be assigned to the Zoophycos ichnofacies, usually 
associated with fine-grained, low sedimentation rate, pelagic and hemipelagic, nonturbiditic sedi-
ments (MacEachern et al., 2007; Rodríguez-Tovar and Dorador, 2014; Dorador and Rodríguez-
Tovar, 2015; Rodríguez-Tovar, 2022). However, the scarcity of Zoophycos is significant and may be 
related to the common occurrence of turbiditic intervals.



R. Flecker et al. · Site U1611 IODP Proceedings Volume 401

https://doi.org/10.14379/iodp.proc.401.106.2025 publications.iodp.org · 35

3.4.2. General sedimentary model
Hole U1611A is located in the Malaga Basin at the northern part of the West Alborán Basin, (see 
Background and objectives; Figure F1). This basin includes deepwater systems on a tectonic gra-
ben very close to a very narrow shelf (e.g., Comas et al., 1999; Martínez del Olmo and Comas, 
2008). The sedimentary model is different for the three units, but there are some common aspects.

During the Messinian, but particularly during deposition of Unit III, there was an interplay of 
gravitational and pelagic/hemipelagic processes that determined the evolution of a complex depo-
sitional system, where the slumps, debrites, and turbiditic deposits are volumetrically the most 
important deposits in the area, indicating a high sedimentation rate for the basin. The hemipelagic/ 
pelagic deposits are the general background when the gravitational processes were not active. 
These turbidites have been described in previous papers for the same-aged deposits (e.g., Jurado 
and Comas, 1992; Martínez del Olmo and Comas, 2008; Martínez del Olmo, 2011). Slumps, deb-
rites, and turbidites characterize a Mass Transport Sedimentary Complex (Shipp et al., 2011; Pick-
ering and Hiscott, 2015; Rotzien et al., 2022a, 2022b), and postcruise analysis of the sedimentary 
stacking pattern and facies associations should determine the different depositional elements and 
their evolution.

During deposition of Unit II, an important change in the depositional style with respect to Unit III 
took place with the development of lamination throughout, aragonite, and dark muds. During this 
time, the basin likely became more restricted, and the relatively high sedimentation rate and 
depleted dissolved oxygen level in the bottom water led to a benthonic depauperate habitat, limit-
ing the macrobenthos trace fossil maker community persistently enough to prevent bioturbation 
and aiding in the formation and preservation of finely laminated sediments (Schimmelmann et al., 
2016). These processes, and the precipitation of aragonite, are possible in stratified marine lakes 
with restricted seawater access and with water mass stratification (Schimmelmann et al., 2016). 
Turbidite and debrite deposits are also present in Unit II. In the literature on this sector of the 
Alborán Sea, these deposits are considered as chaotic mass transport deposits that accumulated 
during the MSC (Martínez del Olmo and Comas, 2008; Estrada et al., 2011; Martínez del Olmo, 
2011; Bulian et al., 2021). Based on the results from this expedition, Unit II has less common, thin-
ner, and finer gravitational deposits compared to Unit III.

During deposition of Unit I in the Pliocene, another important change in the depositional style 
occurred, and bottom water current (contouritic) and pelagic/hemipelagic sediments dominate 
the succession. Similar Pliocene sequences observed elsewhere in the Alborán Basin are consid-
ered to result mainly from regional circulation of the deep, intermediate, and surface Mediterra-
nean water mass currents (e.g., Juan et al., 2016, 2020; Ercilla et al., 2016; Llave et al., 2020; among 
others).

4. Biostratigraphy
Cores recovered from Site U1611 contain diverse lithologies, including muds, silts, sands, con-
glomerates, and cemented carbonates. Some intervals are poor in microfauna, particularly ben-
thonic and planktonic foraminifers. However, some of these same samples are rich in fish teeth 
and scales, wood fragments, and shell fragments, providing valuable understanding of the site’s 
paleoenvironment.

In Holes U1611A and U1611B, a distinctive pattern in microfossil composition was observed. In 
certain intervals, the planktonic foraminifers are predominantly small in size and are mostly found 
in the fine sediment (>63 μm), whereas the coarse fraction (>150 μm) is completely barren. Based 
on calcareous nannoplankton and foraminifer assemblages recovered at the top of both sequences, 
an Early Pliocene age is estimated for the uppermost core catchers. The presence of Nicklithus 
amplificus and Reticulofenestra pseudoumbilicus gives an age younger than 6.82 Ma at the bottom 
of the holes.



R. Flecker et al. · Site U1611 IODP Proceedings Volume 401

https://doi.org/10.14379/iodp.proc.401.106.2025 publications.iodp.org · 36

4.1. Calcareous nannofossils
At Site U1611, the calcareous nannofossil assemblages are not continuously present, varying from 
abundant to barren. Preservation varies between good and poor. We relied on existing literature 
for the Mediterranean area to constrain events (Bertini et al., 2024; Lozar and Negri, 2019; Manzi 
et al., 2007). Selected samples other than core catchers were analyzed to constrain different events. 
Small placolith species (<3 μm) dominate most of the assemblages. Discoasters occur randomly 
throughout the sedimentary succession, so we could not use them. At this Mediterranean site, we 
used the species Reticulofenestra cisnerosii, which is considered a good regional marker for its low-
est occurrence (LO) (at 5.33 Ma) because it marks the Miocene/Pliocene boundary (Lancis and 
Flores, 2006). Input of fragmented siliceous fossils, siliciclastic grains, and pyrite framboids as sed-
imentary components varies from rare to common, whereas reworked (mainly Cretaceous and 
Paleogene) species vary from rare to few throughout (Figure F32; Table T3).
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Figure F32. Ages of planktonic foraminifer and calcareous nannofossil biostratigraphic events, Site U1611. Events are 
plotted at mean depth (Table T3). S/D = sinistral/dextral.

Table T3. Biostratigraphic events and estimated sedimentation rates, Hole U1611A. 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 event 
depth

(CSF-A)

Top
depth 

CSF-B (m)

Bottom 
depth 

CSF-B (m) 

Mean event 
depth 

(CSF-B) Age

Sedimentation 
rate

(m/Ma)

401-U1611A- 401-U1611A-
LO G. puncticulata 8R-CC 9R-CC 734.09 715.79 724.94 733.851 715.79 724.82 4.52
Miocene/Pliocene boundary 18R-7, 17–18 18R-7, 22–24 818.895 820.269 819.58 818.895 820.269 819.58 5.33 116.99
Onset MSC 34R-CC 35R-CC 964.25 957.71 960.98 964.25 957.71 960.98 5.97 220.93
S/D coiling change of Neogloboquadrina incompta 52R-2, 65–65 53R-CC 1102.64 1102.69 1102.67 1102.353 1102.4 1102.38 6.37 353.49

401-U1611B- 401-U1611B-
Miocene/Pliocene boundary 14R-1, 146–147 14R-1, 131–132 814.11 814.27 814.19 814.12 814.27 814.20 5.33
Onset MSC 40R-CC 41R-CC 947.58 942.42 945.00 947.58 942.42 945.00 5.97 204.38
S/D coiling change of Neogloboquadrina incompta 53R-CC 54R-CC 1010.71 942.42 976.565 1010.71 1005.76 1008.235 6.37 158.09
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For Hole U1611A, we examined 86 core catcher samples (Table T4). The presence of species such 
as Ceratolithus acutus and Amaurolithus spp. together with R. cisnerosii shows a typical Pliocene 
assemblage between Samples 401-U1611A-2R-CC and 17R-CC (656.315–802.765 m core depth 
below seafloor, Method B [CSF-B]). Several samples from Section 18R-7 were analyzed to con-
strain the Pliocene/Miocene boundary, which was constrained using the LO of R. cisnerosii and is 
placed between 18 and 24 cm in Section 18R-7 (820.30 m CSF-B). In Sample 18R-CC, a change in 
coccolith abundances concomitant with the increasing presence of clay minerals was recorded. In 
Samples 19R-CC to 29R-CC (821.685–911.695 m CSF-B), the coccolith assemblage is character-
ized by medium diversity and the presence of several Reticulofenestra species. Samples 30R-CC to 
34R-CC (920.635–957.685 m CSF-B) contain either no coccoliths or rare specimens with poor 
preservation. Sample 35R-CC contains a high abundance of diatoms (mostly monospecific). 
Sample 36R-CC presents a monospecific coccolith assemblage consisting mainly of Helicosphaera 
carteri. In the lower part of the section, coccolith abundance varies, ranging from abundant to rare. 
Some of the core catchers are dominated by Reticulofenestra spp., Sphenolithus spp., and H. carteri. 
Between Samples 41R-CC and 42R-CC, we observed the highest occurrence (HO) of N. amplificus
(mean depths = 1037.165 and 1045.205 m CSF-B, respectively), giving an age of 5.98 Ma. This 
species was recorded sporadically to the bottom of Hole U1611A. The presence of N. amplificus
and R. pseudoumbilicus gives an age younger than 6.82 Ma at the bottom of the holes.

For Hole U1611B, we examined 64 core catcher samples (Table T5). The Pliocene/Miocene 
boundary was also constrained for this hole by the LO of R. cisnerosii found between Samples 401-
U1611B-14R-1, 140 cm, and 14R-1, 146 cm (mean depth = 815 m CSF-B). As in Hole U1611A, the 
core catchers below the Miocene/Pliocene boundary were characterized by a less abundant cocco-
lith assemblage and an increase in mineral content. Sample 40R-CC recovered the same monospe-
cific diatom assemblage (mean depth = 942.405 m CSF-B) that was found in Hole U1611A. In 
Sample 41R-CC, the monospecific coccolith assemblage continues. An abundant assemblage with 
good diversity was recovered from Sample 42R-CC to the bottom of the hole. Finally, as in the 
previous hole, the species N. amplificus from Sample 42R-CC was recovered sporadically. The 
presence of N. amplificus gives an age younger than 6.82 Ma at the bottom of this hole, as in Hole 
U1611A.

4.2. Planktonic foraminifers
The analysis of planktonic foraminifers at this site allowed identification of the LO of Globorotalia 
puncticulata in Hole U1611A in the Pliocene (Table T6). Coring started below the LO of G. 
puncticulata in Hole U1611B (Table T7). Except for this event, the biochronology for this site is 
based on changes in the foraminifer assemblages that can be compared with records from other 
Mediterranean areas, although these changes could in some cases be diachronous.

An Early Pliocene–late Messinian succession was recovered in both holes at this site, although 
some samples lack planktonic foraminifers, especially in the late Messinian. In these samples, we 
looked at the 63–150 μm fraction to investigate the presence or absence of small planktonic fora-
minifers. We will also discuss the possible presence of reworked planktonic foraminifers in the late 
Messinian, a topic that has been widely debated in the past.

Table T4. Calcareous nannofossil occurrences, Hole U1611B. Download table in CSV format.

Table T5. Calcareous nannofossil occurrences, Hole U1611A. Download table in CSV format.

Table T6. Planktonic foraminifer occurrences, Hole U1611A. Download table in CSV format.

Table T7. Planktonic foraminifer occurrences, Hole U1611B. Download table in CSV format.
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For Hole U1611A, the first occurrence of G. puncticulata was identified between Samples 401-
U1611A-8R-CC and 9R-CC (mean depth = 724.8 CSF-B), whereas in Hole U1611B, coring started 
below this depth.

From Samples 401-U1611A-18R-CC (821.2 m CSF-B) and 401-U1611B-14R-CC (815.7 CSF-B) 
downward, a major change in the planktonic foraminifer assemblage was recognized; with rare 
exceptions, planktonic foraminifers are not present in the coarse fraction (>150 μm), although 
they continue to be present in the fine fraction. There is also a significant change in the type of 
sediments because there are almost no particles in the coarse fraction except for some fish bones 
and/or wood fragments. We relate this change to the Miocene/Pliocene boundary.

With the aim of investigating this major change in the foraminifer assemblages, detailed sampling 
was carried out in Sections 401-U1611A-18R-6 and 18R-7 to more precisely locate the Miocene/ 
Pliocene boundary, which was placed between Samples 18R-7, 17–18 cm, and 18R-6, 27–29 cm 
(mean depth = 819.6 CSF-B), toward the top of a laminated interval overlying a breccia at the base 
of Core 18R. The base of this laminated interval (Samples 18R-7, 96–97 cm, and 18R-7, 73–74 cm) 
is devoid of planktonic foraminifers coarser than 150 μm. Large planktonic foraminifers start to be 
present but rare in Sample 18R-7, 17–18 cm, and the assemblage is rich and diverse in Sample 
18R-6, 22–24 cm.

A close inspection of the sediments in the uppermost part of Section 401-U1611A-18R-7 with an 
amplifier lens reveals that a major increase in abundance of the coarse foraminifers probably 
occurs at around Sample 18R-7, 10–12 cm. For Hole U1611B, the Miocene/Pliocene boundary was 
identified between Sample 401-U1611B-14R-1, 146–147 cm (mean depth = 814.2 CSF-B), in 
which the residue >150 μm is barren and only one specimen of planktonic foraminifer was recov-
ered, and Sample 14R-1, 131–132 cm (mean depth = 814.2 CSF-B), which is characterized by a 
rich assemblage of planktonic foraminifers and the abundant presence of benthonic foraminifers. 
In both holes, Globorotalia margaritae is not present and the acme of Sphaeroidinellopsis, which 
is typically abundant at the base of the Pliocene, was not recognized.

To investigate the continuity or discontinuity of the record of planktonic foraminifers in the late 
Messinian, we looked at the fine fraction in Hole U1611B to investigate the presence or absence of 
planktonic foraminifers in the residues and especially to identify the levels or intervals that are 
barren. Small planktonic foraminifers are present in most of the samples. Planktonic foraminifers 
were not observed in Samples 401-U1611B-18R-CC, 28R-CC to 31R-CC, and 37R-CC, although 
the poor disaggregation of these samples could have prevented their recognition. Planktonic fora-
minifers in the large fraction are frequent again in Sample 42R-CC, characterized by dominant 
Orbulina universa in an almost monospecific assemblage. From here downward, layers containing 
abundant planktonic foraminifers alternate with horizons in which foraminifers are absent. There-
fore, we tentatively correlate the disappearance of large planktonic foraminifers between Samples 
42R-CC and 41R-CC with the disappearance of planktonic foraminifers prior to the onset of the 
MSC, but this event could be slightly diachronous. The Abad and Fanantello sections planktonic 
foraminifers disappeared at 5.97 Ma, immediately below the base of gypsum deposits (Sierro et al., 
2003; Manzi et al., 2007), but in other sections like the Govone section the disappearance of plank-
tonic foraminifers occurred two precession cycles before at approximately 6.02 Ma (Gennari et al., 
2020). The last occurrence of Turborotalita multiloba has been used as an event to approximate 
the onset of the MSC (Gennari et al., 2020; Lozar et al., 2018). However, the presence of a foramin-
ifer assemblage dominated in most of the samples by warm/oligotrophic species with a very scarce 
presence of cold-water species does not allow recognition of this event in this study.

In the lower part of the section, the samples that contain planktonic foraminifers are, overall, dom-
inated by subtropical species, including the group of Globigerinoides quadrilobatus-sacculifer, 
Globigerinoides extremus, or O. universa, and the Neogloboquadrinids or T. multiloba are rare or 
absent. This is consistent with the continuous presence of laminated sediments probably related to 
water column stratification and the growth of warm-water species at the surface (Sierro et al., 
2003). As a consequence, the coiling change in Neogloboquadrina incompta was difficult to iden-
tify because of the absence or scarcity of this species in the sediments. This species, however, 
becomes a common element of the foraminifer assemblages from Sample 401-U1611A-53R-CC 
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downward in Hole U1611A and from Sample 401-U1611B-54R-CC downward in Hole U1611B, 
showing a consistently sinistral coiling pattern. Although the coiling change was not clearly iden-
tified, we used these two levels as an approximation for this event because sinistral neoglobo-
quadrinids in the Sorbas Basin became more common at this time (Sierro et al., 2003).

4.3. Benthonic foraminifers
A total of 66 core catcher samples from Hole U1611A were processed and studied for the abun-
dance of more than 98 species of benthonic foraminifers. The level of preservation of the ben-
thonic foraminifers was noted along with their abundance with respect to planktonic foraminifers. 
The presence or absence of other calcareous microfossils and detrital grains were also noted. The 
combined information from all studied samples documents the entire succession recovered at Site 
U1611 (Table T8).

Foraminifer preservation is good at shallower depths to Sample 401-U1611A-17R-CC (mean 
depth = 802.765 m CSF-B), and abundant planktonic and benthonic foraminifers are present in the 
coarse fraction (>150 μm size). However, there are no planktonic or benthonic foraminifers present 
in the coarse fraction from Samples 18R-CC to 35R-CC (mean depth = 821.127–964.275 m 
CSF-B). Detailed examination of their finer fractions, ranging 63–149 μm, showed that few plank-
tonic and benthonic foraminifer species are present in most of them, and Samples 32R-CC, 
34R-CC, and 35R-CC (mean depths = 940.085, 957.685, and 964.275 m CSF-B, respectively) are 
completely barren (Figure F33; Table T8). The benthonic foraminifer size and abundance remains 
low to Sample 45R-CC (mean depth = 1062.895 m CSF-B). The finer fraction of processed samples 
was analyzed for benthonic foraminifers from Samples 18R-CC to 45R-CC (mean depth = 821.176–
1062.905 m CSF-B), although planktonic foraminifers were observed in the coarse fraction from 
Sample 36R-CC downward. It was also noted that there are very few or no benthonic foraminifers 
present in Samples 38R-CC, 40R-CC, 41R-CC, 42R-CC, 44R-CC, and 45R-CC (mean depths = 
996.435, 1014.31, 1028.565, 1037.115, 1054.95, and 1062.845 m CSF-B, respectively). There were a 
few lithified horizons that could not be processed properly for foraminifer study (Figure F33; 
Table T8).

The common benthonic foraminifer species in Hole U1611A belong to the genera Bolivina, Cibi-
cidoides, Globocassidulina, Melonis, Siphonina, Trifarina, and Uvigerina in varying proportions. 
The species abundance of individual benthonic foraminifer species varies from abundant (>20%) to 
present (<1%). The epibenthonic species, such as Cibicidoides spp., Planulina spp., and Textularia
spp., are common in most samples (abundance = 5%–20%), but they are noticeably rare (1%–5%) in 
the finer fractions between Samples 401-U1611A-18R-CC and 45R-CC (mean depth = 821.176–
1062.905 m CSF-B). Among the shallow-water benthonics, Elphidium macellum is more common, 
although other species of the genera Elphidium and Ammonia are also noted. The presence of 
these shallow-water benthonic species along with other shallow-water fauna like echinoid spines 
and coral fragments are more abundant in the deeper Miocene sediments from Samples 59R-CC 
to 70R-CC (mean depth = 1131.315–1184.785 m CSF-B) (Figure F33; Table T8).

The benthonic species Siphonina tubulosa is very common in the shallower Pliocene sediments to 
Sample 401-U1611A-17R-CC and then completely disappears in the deeper Miocene sediments 
(Figure F33; Table T8). S. tubulosa has been previously reported from the eastern Mediterranean 
as an Indo-Pacific originated marine alien species (Meriç et al., 2016, 2018) that occurs in warm, 
oligotrophic, comparatively well-oxygenated intermediate waters with an epifaunal to shallow 
infaunal habitat (Szarek et al., 2007). This species has also been reported from the Atlantic Ocean 
near the Gulf of Cádiz, where it shows a marked increase after the Miocene/Pliocene boundary 
(García-Gallardo et al., 2017).

Bolivinids (species of related genera Bolivina and Brizalina), especially Brizalina spathulata, are 
common in the Miocene sediments of Hole U1611A, noticeably in the finer fraction (63–149 μm) 
(Figure F33; Table T8). These infaunal species are known to occur in oxygen-deficient sediments 
rich in organic matter (Thomas, 1986; Donnici and Serandrei Barbero, 2002). Their absence in the 
shallower Pliocene sediments (to Sample 401-U1611A-17R-CC) indicates that the oxygen-poor 
bottom waters during the Miocene changed to become well oxygenated during Pliocene times.
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Table T8. Abundance of benthonic foraminifer assemblages in core catcher samples, Hole U1611A. * = no/very few benthonics in coarse fraction, although plankton-
ics were present in coarse fraction. † = lithified sediments. ‡ = barren interval, no planktonic/benthonic. Ranges are common (5%–20%), rare (1%–5%), and present 
(0%–1%). Barren and lithified horizons are marked. Shallow-water benthonic assemblage comprises Ammonia spp. and Elphidium spp.; Cibicides spp., Cibicidoides spp., 
Planulina spp., and Textularia spp. make up epibenthonic assemblage; Bolivinids include all Bolivina spp. and Brizalina spp. Download table in CSV format.

Core, section,
interval (cm)

Core 
catcher

Fraction 
analyzed Epibenthonics 

Shallow-water 
benthonics Bolivinids

Siphonia
tubulosa

401-U1611A-
2R-CC 2 Coarse Common (5%–20%) Absent (0%) Absent (0%) Common (5%–20%)
3R-CC 3 Coarse Common (5%–20%) Absent (0%) Absent (0%) Common (5%–20%)
5R-CC 5 Coarse Common (5%–20%) Absent (0%) Absent (0%) Common (5%–20%)
6R-CC 6 Coarse Common (5%–20%) Absent (0%) Absent (0%) Common (5%–20%)
8R-CC 8 Coarse Common (5%–20%) Absent (0%) Absent (0%) Common (5%–20%)
9R-CC 9 Coarse Common (5%–20%) Present (1%) Absent (0%) Common (5%–20%)
10R-CC 10 Coarse Common (5%–20%) Common (5%–20%) Absent (0%) Common (5%–20%)
12R-CC 12 Coarse Common (5%–20%) Common (5%–20%) Absent (0%) Common (5%–20%)
13R-CC 13 Coarse Absent (0%)† Present (1%)† Present (1%)† Absent (0%)†

15R-CC 15 Coarse Common (5%–20%) Rare (1%–5%) Absent (0%) Common (5%–20%)
16R-CC 16 Coarse Common (5%–20%) Rare (1%–5%) Absent (0%) Common (5%–20%)
17R-CC 17 Coarse Common (5%–20%) Present (1%) Absent (0%) Common (5%–20%)
18R-CC 18 Fine Present (1%) Present (1%) Common (5%–20%) Absent (0%)
19R-CC 19 Fine Rare (1%–5%) Present (1%) Rare (1%–5%) Absent (0%)
20R-CC 20 Fine Present (1%) Absent (0%) Present (1%) Absent (0%)
21R-CC 21 Fine Present (1%) Absent (0%) Absent (0%) Absent (0%)
22R-CC 22 Fine Present (1%) Absent (0%) Rare (1%–5%) Absent (0%)
23R-CC 23 Fine Absent (0%) Rare (1%–5%) Common (5%–20%) Absent (0%)
24R-CC 24 Fine Rare (1%–5%) Present (1%) Common (5%–20%) Absent (0%)
25R-CC 25 Fine Rare (1%–5%) Absent (0%) Common (5%–20%) Absent (0%)
27R-CC 27 Fine Common (5%–20%) Absent (0%) Common (5%–20%) Absent (0%)
28R-CC 28 Fine Absent (0%)† Absent (0%)† Absent (0%)† Absent (0%)†

29R-CC 29 Fine Absent (0%) Absent (0%) Common (5%–20%) Absent (0%)
30R-CC 30 Fine Absent (0%) Absent (0%) Absent (0%) Absent (0%)
31R-CC 31 Fine Absent (0%) Present (1%) Absent (0%) Absent (0%)
32R-CC 32 Fine Barren‡

33R-CC 33 Fine Absent (0%) Absent (0%) Common (5%–20%) Absent (0%)
34R-CC 34 Fine Barren‡

35R-CC 35 Fine Barren‡

37R-CC 37 Fine Rare (1%–5%) Rare (1%–5%) Rare (1%–5%) Absent (0%)
38R-CC 38 Fine Rare (1%–5%)* Absent (0%)* Present (1%)* Absent (0%)*
40R-CC 40 Fine Absent (0%)* Absent (0%)* Common (1%)* Absent (0%)*
41R-CC 41 Fine Rare (1%–5%)* Absent (0%)* Rare (1%–5%)* Absent (0%)*
42R-CC 42 Fine Absent (0%)* Absent (0%)* Absent (0%)* Absent (0%)*
44R-CC 44 Fine Absent (0%)* Absent (0%)* Common (5%–20%)* Absent (0%)*
45R-CC 45 Fine Rare (1%–5%)* Present (1%)* Common (5%–20%)* Absent (0%)*
47R-CC 47 Coarse Rare (1%–5%) Rare (1%–5%) Rare (1%–5%) Absent (0%)
49R-CC 49 Coarse Common (5%–20%) Present (1%) Common (5%–20%) Absent (0%)
51R-CC 51 Coarse Absent (0%) Absent (0%) Absent (0%) Absent (0%)
53R-CC 53 Coarse Rare (1%–5%) Common (5%–20%) Common (5%–20%) Absent (0%)
55R-CC 55 Coarse Rare (1%–5%) Common (5%–20%) Rare (1%–5%) Absent (0%)
57R-CC 57 Coarse Absent (0%) Absent (0%) Common (5%–20%) Absent (0%)
59R-CC 59 Coarse Rare (1%–5%) Rare (1%–5%) Common (5%–20%) Absent (0%)
61R-CC 61 Coarse Common (5%–20%) Rare (1%–5%) Common (5%–20%) Absent (0%)
63R-CC 63 Coarse Common (5%–20%) Rare (1%–5%) Rare (1%–5%) Absent (0%)
64R-CC 64 Coarse Common (5%–20%) Rare (1%–5%) Rare (1%–5%) Absent (0%)
65R-CC 65 Coarse Common (5%–20%) Common (5%–20%) Rare (1%–5%) Absent (0%)
66R-CC 66 Coarse Rare (1%–5%) Rare (1%–5%) Absent (0%) Absent (0%)
67R-CC 67 Coarse Rare (1%–5%) Rare (1%–5%) Rare (1%–5%) Absent (0%)
68R-CC 68 Coarse Rare (1%–5%) Rare (1%–5%) Absent (0%) Absent (0%)
69R-CC 69 Coarse Rare (1%–5%) Present (1%) Absent (0%) Absent (0%)
70R-CC 70 Coarse Common (5%–20%) Rare (1%–5%) Absent (0%) Absent (0%)
71R-CC 71 Coarse Common (5%–20%) Present (1%) Rare (1%–5%) Absent (0%)
72R-CC 72 Coarse Common (5%–20%) Absent (0%) Rare (1%–5%) Absent (0%)
73R-CC 73 Coarse Common (5%–20%) Absent (0%) Rare (1%–5%) Absent (0%)
74R-CC 74 Coarse Common (5%–20%) Present (1%) Common (5%–20%) Absent (0%)
75R-CC 75 Coarse Common (5%–20%) Absent (0%) Absent (0%) Absent (0%)
76R-CC 76 Coarse Common (5%–20%) Common (5%–20%) Rare (1%–5%) Absent (0%)
77R-CC 77 Coarse Common (5%–20%) Common (5%–20%) Present (1%) Absent (0%)
78R-CC 78 Coarse Common (5%–20%) Rare (1%–5%) Absent (0%) Absent (0%)
81R-CC 81 Coarse Common (5%–20%) Absent (0%) Present (1%) Absent (0%)
82R-CC 82 Coarse Absent (0%)† Absent (0%)† Absent (0%)† Absent (0%)†

83R-CC 83 Coarse Absent (0%)† Absent (0%)† Absent (0%)† Absent (0%)†

84R-CC 84 Coarse Common (5%–20%) Present (1%) Present (1%) Absent (0%)
85R-CC 85 Coarse Common (5%–20%) Rare (1%–5%) Absent (0%) Absent (0%)
86R-CC 86 Coarse Absent (0%)† Absent (0%)† Absent (0%)† Absent (0%)†
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5. Paleomagnetism
Paleomagnetic investigation of 83 cores from Hole U1611A and 64 cores from Hole U1611B 
focused on demagnetization of the natural remanent magnetization (NRM) of archive-half split 
core sections and discrete samples from the working-half split core sections. Pass-through paleo-
magnetic measurements were performed using the superconducting rock magnetometer (SRM) 
to investigate the NRM on a total of 518 archive section halves (315 section halves from Hole 
U1611A and 203 section halves from Hole U1611B). No pass-through measurements were made 
on core catcher sections. Alternating field (AF) demagnetization was performed on the SRM by 
applying stepwise peak fields of 5, 10, 15, and 20 mT, with measurement of the remaining magne-
tization taken at a 2 cm resolution. SRM measurements were sporadically disturbed by the occur-
rence of artificial flux-jumps, and these results were removed from the database. The 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 applied to the 
inclination values to suppress the influence of data points that deviate significantly from the 
expected geocentric axial dipole (GAD) inclinations (+56°) at the site latitude (36.2°N). Processed 
NRM, inclination, and intensity data after 20 mT peak field AF demagnetization for Hole U1611A 
are shown in Figure F34 and Table T9, and results from Hole U1611B are shown in Figure F35 and 
Table T10.

A total of 129 discrete oriented plastic cube (7 cm3) samples were collected from the working 
halves of Cores 401-U1611A-6R through 24R, 43R–50R, and 55R–86R using an extruder, and 60 
cubes (8 cm3) were cut from the more indurated parts of Cores 3R–5R, 28R–42R, and 51R–54R 
with a double-bladed saw. For each core, 2–5 discrete samples were taken, avoiding visually dis-
turbed intervals. The anisotropy of magnetic susceptibility (AMS) and bulk MS were measured on 
all samples using the MFK2 KappaBridge unit. The NRM of all plastic cube samples was measured 
on the AGICO JR-6A spinner magnetometer. Stepwise AF demagnetization was performed at suc-
cessive peak fields of 0, 5, 10, 15, 20, 30, 40, 50, 60, and 70 mT to a maximum of 100 mT (Figure 
F36). When magnetization became erratic, demagnetization was stopped. The NRM of the sawed 

Figure F33. Abundance of benthonic foraminifer assemblages in core catcher samples, Hole U1611A. Fine fraction was 
analyzed for Cores 18R–45R (see Table T8). Common (C) = 5%–20%, rare (R) = 1%–5%, present (P) = 0%–1%. Barren and 
lithified horizons are marked. Shallow-water benthonic assemblage comprises Ammonia spp. and Elphidium spp.; epiben-
thonic assemblage is made up of Cibicides spp., Cibicidoides spp., Planulina spp., and Textularia spp.; Bolivinids include all 
Bolivina spp. and Brizalina spp.
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cubes was AF demagnetized using the SRM by applying stepwise peak fields of 5, 10, 15, 20, 30, 40, 
50, 60, 70, and 80 mT. Six sturdy cubes were selected for thermal demagnetization by applying 
temperature steps of 30°C to a maximum temperature of 600°C (Figure F37). The inclination data 
after 20 mT peak field AF demagnetization or after 240°C thermal demagnetization of the discrete 
samples are shown in Figure F34 and Tables T11 and T12.

5.1. Paleomagnetic signals
AMS results for Hole U1611A indicate a steep vertical direction of the Kmin axis, in agreement with 
sedimentary fabric and subhorizontal strata (Figure F38).
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Figure F34. Paleomagnetic results, Hole U1611A. 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. Characteristic 
remanent magnetization (ChRM) inclination of discrete samples after 20 mT peak field AF demagnetization have α95 uncer-
tainties. Blue triangles = discrete sample positions. Chron columns, black = normal polarity, white = reversed polarity, 
gray = zones of uncertain normal polarity.

Table T9. Paleomagnetic results of SRM measurements after 20 mT peak field AF demagnetization, Sections 401-U1611A-
3R-1 and 3R-2. Download table in CSV format.
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The NRM intensity measured on the SRM for Hole U1611A ranges about 1.0 × 10−5 to 1.0 × 10−2

A/m (Figure F34). The SRM inclination records at 20 mT predominantly reveal normal polarities, 
but values are generally significantly steeper than the expected GAD inclination. This suggests the 
steep coring overprint was not fully removed at 20 mT. In some intervals (e.g., 820–880 m CSF-B), 
the inclination values are consistently negative but very shallow; reversed polarity intervals are not 
clearly resolved in Hole U1611A. NRM intensities of the discrete samples of Hole U1611A range 
1.1 × 10−5 to 2.6 × 10−3 A/m. Demagnetization diagrams (Z-plots) show that a normal polarity 
component was in some cases removed between 0 and 10 mT, but in other cases AF peak fields of 
40 mT were not sufficient to completely demagnetize this component (Figure F36). Some samples 
demagnetized up to peak fields of 100 mT show progressive decay of the magnetization toward the 
origin, suggesting titano-/magnetite as main magnetic mineral (Figure F36). Thermal demagneti-
zation results show an increase in magnetization during heating at temperatures between 330° and 
480°C, followed by a decrease between 480° and 540°C. This thermal behavior is characteristic for 
iron sulfides (e.g., pyrite) and iron carbonates (e.g., siderite/ankerite) that oxidize to magnetite by 
heating in air. The inclination values calculated from the discrete samples are generally not in 

Figure F35. Paleomagnetism after 20 mT peak field AF demagnetization, Hole U1611B. 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. Chron columns, black = normal polarity, white = reversed polarity, gray = zones of uncertain normal 
polarity.
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Table T10. Paleomagnetic results of SRM measurements after 20 mT peak field AF demagnetization, Sections 401-U1611B-
3R-1 and 3R-2. Download table in CSV format.
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Figure F36. AF demagnetization results, Hole U1611A. Left: vector endpoints of paleomagnetic directions measured after 
each demagnetization treatment on orthogonal projection (Zijderveld) plot. Squares = horizontal projections, circles = 
vertical projections. Right: intensity variation with progressive demagnetization.
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Figure F37. Thermal demagnetization results, Hole U1611A. Left: vector endpoints of paleomagnetic directions measured 
after each demagnetization treatment on orthogonal projection (Zijderveld) plot. Squares = horizontal projections, 
circles = vertical projections. Right: intensity variation with progressive demagnetization.

Table T11. Paleomagnetic results of JR-6A spinner measurements of discrete samples after AF demagnetization at 20 mT, 
Hole U1611A. Download table in CSV format.

Table T12. Paleomagnetic results of JR-6A spinner measurements of discrete samples after thermal demagnetization 
between 240° and 400°C, Hole U1611A. Download table in CSV format.



R. Flecker et al. · Site U1611 IODP Proceedings Volume 401

https://doi.org/10.14379/iodp.proc.401.106.2025 publications.iodp.org · 45

agreement with the SRM inclination values (Figure F34) and indicate that magnetic overprints are 
not properly removed or that the entire magnetic signal is lost at maximum peak fields of 20 mT.

SRM measurements for Hole U1611B show NRM intensity ranging 1 × 10−5 to 5 × 10−3 A/m, sim-
ilar to Hole U1611A. The inclination record at 20 mT shows normal values that are generally 
steeper than the expected GAD field at the drilling location alternating with intervals of shallow 
and negative values, indicating that primary magnetic components are also not properly resolved 
in Hole U1611B (Figure F35).

5.2. Magnetostratigraphy
Inclination values of both SRM measurements after 20 mT and JR-6A measurements after 20 mT 
are merged and plotted in stratigraphic order against CSF-B depth (Figures F34, F35). The mag-
netic signal in Holes U1611A and U1611B is not clear enough to determine a robust magneto-
stratigraphic pattern. At this stage, no clear polarity pattern is revealed for Site U1611, and the 
proper characterization of the magnetic mineralogy should be evaluated by additional shore-
based demagnetization and rock magnetic experiments.

6. Geochemistry

6.1. Volatile hydrocarbons
Headspace gas analysis was performed as part of the standard protocol required for shipboard 
safety and pollution prevention monitoring. In total, 65 headspace samples from Hole U1611A 
(sampling resolution of one per core or one every other half advance) were analyzed (Figure F39;
Table T13). Because Hole U1611B was located >1 km away from Hole U1611A, we also performed 
headspace analyses on 35 samples from Hole U1611B (sampling resolution of one every other half-
advance core). Methane (C1), ethane (C2), and propane (C3) were detected in most samples. Meth-
ane concentrations range 1,718–82,195 parts per million by volume (ppmv) but are typically 
<30,000 ppmv and generally decrease downcore. Heterogeneity between samples is likely due to 
sediment composition, porosity, and sampling variability, and patterns are similar in Holes 
U1611A and U1611B (Figure F39). Ethane concentrations are <446 ppmv, and propane concentra-
tions are <244 ppmv. Overall, C1:C2 ratios decline with depth. Additional constituents ethene 
(C2=), iso-butane, iso-pentane, and iso-hexane are noted in one or more samples, all at trace abun-
dances <22 ppmv. Headspace gases in Hole U1611B follow broadly similar patterns (Table T13), as 
illustrated for methane only for Hole U1611B (Figure F39), with a depth offset of <20 m (roughly 
the same stratigraphy is recovered at a shallower depth in Hole U1611B).

These concentrations of volatile hydrocarbons did not present a drilling concern. One high meth-
ane concentration was recorded at 956.4 m CSF-A (Section 401-U1611A-34R-4) with a C1:C2 ratio 
of 184; this sample was below safety thresholds, and such levels were not replicated in any other 

Figure F38. AMS determinations, Hole U1611A. Left: orientation of principal AMS axes Kmax, Kint, and Kmin. Right: shape factor 
of AMS ellipsoid versus AMS degree.
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sample. Another sample at 905.1 m CSF-A (Section 28R-2) yielded a low C1:C2 ratio of 79; how-
ever, the methane concentration was 25,000 ppmv and thus not of concern. The distribution of 
gases in the profile is consistent with in situ microbial degradation and is similar to the other sites 
sampled during Expedition 401 (Oremland et al., 1988; Hinrichs et al., 2006; Weniger et al., 2019). 
We did not detect n-pentane or n-hexane distributions that would be associated with thermogenic 
cracking of higher molecular weight compounds in the oil window.

6.2. Interstitial water chemistry
A bottom water sample was collected in Hole U1611A because no mudline cores were collected at 
this site. IW was extracted from a total of 48 whole-round samples from Hole U1611A at a sam-
pling resolution of one per core or one every other half advance (Tables T14, T15). Some IW sam-
ples yielded only small amounts of water, which limited the analyses that could be performed on 
them; the deepest sample taken (Sample 84R-2, 139–149 cm) yielded no water; therefore, only 
solid-phase analyses were performed on its residual squeeze cake. For Hole U1611B, lower resolu-
tion sampling of IW was performed (approximately one sample per 20 m drilling advance) to pro-
vide context for whole-round samples taken for microbiological analysis (see Microbiology 
sampling); 16 whole-round samples were taken from this hole. Comparison of IW chemistry from 
Holes U1611A and U1611B shows generally similar trends, with minor differences in the magni-
tude and depth (partly because of the offset in depth of correlated stratigraphy between the two 
holes) of identifiable features in the profiles.

6.2.1. Alkalinity, pH, and salinity
Alkalinity of the bottom water is 2.5 mM, but the first IW sample taken at 670.4 m CSF-A (Section 
401-U1611A-3R-3) has approximately half the alkalinity (1.3 mM). Alkalinity decreases to 0.83 
mM at 812.9 m CSF-A (Section 18R-1) before rising to a peak of 3.1 mM at 934.1 m CSF-A in Hole 
U1611A (Section 32R-1) and 5.6 mM at 891.8 m CSF-A in Hole U1611B (Section 30R-1) (Table 
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Figure F39. Headspace gas methane (Holes U1611A [large dots] and U1611B [small dots]) and ethane, ethene, propane, iso-butane, n-butane, iso-pentane, and iso-
hexane (Hole U1611A). Gray shading = Hole U1611A methane:ethane ratio, gray dashed lines = guides for comparison across panels for samples with highest abun-
dances of longer chain hydrocarbons.

Table T13. Gas concentrations, Site U1611. Download table in CSV format.

Table T14. Geochemical properties measured for liquid phase, Site U1611. Download table in CSV format.

Table T15. Geochemical properties measured by ICP-AES for liquid phase, Site U1611. Download table in CSV format.
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T14). The true alkalinity maximum may be missing in Hole U1611A, where a 47 m gap exists in 
the IW results as a result partly of poor core recovery as well as low IW water recovery from Sec-
tion 401-U1611A-28R-1 (904.5 m CSF-A) that did not permit analysis of alkalinity or pH. Below 
this peak, alkalinity declines back to 0.7–1.2 mM below 1034.0 m CSF-A (Section 42R-3). The pH 
of the bottom water is 7.9, whereas pH in the IW ranges 7.5–7.8 from 670.4 to 854.6 m CSF-A 
(Sections 3R-3 through 42R-3) and then declines to less than 7.3 between 864.3 and 1021.1 m CSF-
A (Sections 23R-3 and 41R-1). The minimum value of pH in Hole U1611B is 7.1 at 912.5 m CSF-A 
(Section 401-U1611B-34R-2). pH values fluctuate from 7.3 to 7.8 below 1034 m CSF-A in Hole 
U1611A. Salinity of the bottom water sample is 38, matching the expectations of elevated salinity 
of the Mediterranean Sea. The first IW sampled from Section 401-U1611A-3R-3 at 670.4 m CSF-
A has salinity of 45. Salinities increase almost linearly to maxima of 70 in Section 401-U1611A-
41R-1 (1021.1 m CSF-A) and 66 in Section 401-U1611B-38R-2 (931.9 m CSF-A). Below the peak 
salinity, values decline linearly to 53 in the deepest IW sample taken from the site (Section 401-
U1611A-78R-1; 1225.1 m CSF-A) (Table T14). The inverse relationship between alkalinity and pH 
shows the close connection between these two properties. Based on the correlation to other ele-
ments (i.e., the closer affinity of Li to Si than Ca, see below), these profiles are likely to reflect 
silicate mineral dissolution rather than carbonate mineral reactions. The maximum alkalinity and 
minimum pH are above the depth of the salinity peak.

High salinity values were expected at this site given high-salinity IW reported from Ocean Drilling 
Program (ODP) Leg 161 Site 976 (Shipboard Scientific Party, 1996). In Hole 976B, salinities 
increase toward the bottom of the hole, reaching a maximum of 77 a short distance above the 
basement contact. During Leg 161, three possibilities were suggested to explain the high-salinity 
waters: (1) a remnant paleobrine, possibly of Messinian age; (2) dissolved evaporites migrating 
from deeper parts of the basin; and (3) hydrothermal activity associated with basement rocks. The 
location of the salinity maximum at Site U1611 within Miocene sediments, far from a basement 
contact, and with a decreasing trend toward the bottom of the hole, supports the first explana-
tion—that the IW bears a residual signal of evaporitic brines from the MSC, although diffusion 
has now decreased the salinity to a fraction of its initial value. Previous suggestions that the 
sediment/ basement contact could channel fluids laterally from areas with halite evaporites or 
hydrothermal activity (Shipboard Scientific Party, 1996) are not consistent with the location of the 
high-salinity waters at Site U1611. Projection of the linear trend of salinity above the depth of its 
maximum value (Section 401-U1611A-41R-1; 1021.1 m CSF-A) suggests that bottom water salin-
ities would be reached at approximately 600 mbsf and implies a barrier to vertical diffusion in the 
interval that was not recovered. Additional chemical analyses of the IW, including Br/Cl ratios, 
support the interpretation of a paleobrine at both Sites U1611 and 976 (Bernasconi, 1999) and are 
discussed further below.

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

2−, and Br−) of IW were analyzed using ion 
chromatography (IC) (Table T14). Because the data show good consistency between Holes 
U1611A and U1611B (Figure F40), this section describes the trends only in Hole U1611A. Sodium 
and chloride mirror the pattern of salinity; both ions show linear increases downhole to the depth 
of the salinity maximum although the magnitudes of the increases are different. Sodium increases 
45% from a minimum at 677.1 m CSF-A (Section 4R-1) to a maximum at 1021.1 m CSF-A (Section 
41R-1) before a 15% decrease to the bottom of the hole. Chloride increases 57% over the same 
interval before a 24% decrease to the bottom of the hole. This difference was observed in a shift in 
the Na/Cl ratios toward lower values, which reach a minimum of 0.74 at 919.1 m CSF-A (Section 
30R-4). This minimum occurs close to the maximum and minimum values for alkalinity and pH, 
respectively. An inflection point in the Na/Cl ratio can also be seen coincident with the maximum 
in salinity, Na, and Cl concentrations (Section 43R-2; 1042.3 m CSF-A). If sodium and chloride 
behave conservatively during evaporation and brine concentration, Na/Cl should be equal to the 
ratio in seawater (0.86); if halite is precipitating from the brine, lower Na/Cl ratios will develop in 
the brine. If halite dissolves, it should move Na/Cl toward a ratio of 1. In addition to these pro-
cesses, authigenic silicate minerals can be a sink for sodium and decrease the Na/Cl ratio. Because 
halite deposits are only known from deeper parts of the Mediterranean and are absent in the 
Alborán Basin (Rouchy and Caruso, 2006; Ryan, 2009), it is likely that the combined effects of con-
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servative evaporation and a silicate sink for sodium are the main influences on the Na/Cl ratio at 
Site U1611. Lateral diffusion of a halite-precipitating brine seems unlikely given the shallower 
bathymetry of the Alborán Sea relative to the known halite deposits in the Mediterranean and the 
existence of the salinity maximum at Site U1611 within the Miocene aged sedimentary deposits 
with no obvious structure associated with preferential fluid migration at those depths. The initial 
salinity of the proposed paleobrine is unknown, but reconstructions may be possible if constraints 
on the time history of local salinity in the basin, sedimentary porosity and diffusivity, and regional 
advection (including by compaction) can be determined.

Calcium and magnesium have similar profiles for Hole U1611A: an increase to a maximum of 61.0 
(calcium) and 86.3 mM (magnesium) at 919.1 m CSF-A (Section 30R-4), a plateau between 919.1 
and 1042.3 m CSF-A (Sections 30R-4 and 43R-2), and a decrease to the bottom of the profile (Fig-
ure F41). The two inflection points correspond to the depths of the alkalinity maximum and salin-
ity maximum, similar to the features in the Na/Cl profile (Figure F42). The correlation with high 
concentrations of sodium and chloride suggests net carbonate mineral dissolution may have 
occurred within the highly saline intervals, with diffusion controlling the profiles of calcium and 

Figure F40. IW sodium and chloride concentrations and Na/Cl ratios, Site U1611. Dashed line = bottom water values.
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Figure F41. IW major cation concentrations (calcium, magnesium, and potassium), Site U1611. Dashed line = bottom water 
values.
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magnesium above and below the plateau between 920 and 1050 m CSF-A (Figure F41). Potassium 
increases from 6.1 mM at 686.8 m CSF-A (Section 5R-1) to 10.4 mM at 919.1 m CSF-A (Sample 
30R-4), followed by a decline to a minimum of 4.7 mM at the bottom of the hole (Figure F42). The 
inverse relationship between the potassium concentrations and Na/Cl ratios suggests that 
exchange of potassium and sodium during clay mineral diagenesis may be occurring (Figure F42).

Sulfate concentrations range 0.5–6.4 mM throughout Hole U1611A with a mean of 2.6 mM (Fig-
ure F43). Bromide concentrations increase approximately linearly from a minimum of 1.5 mM at 
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686.8 m CSF-A (Section 5R-1) to 2.5 mM near where the salinity peak occurs (Section 43R-2; 
1042.3 m CSF-A). Below this inflection point, there is a slight increase and increased scatter in the 
Br concentrations to a maximum of 2.7 mM at 1196.0 m CSF-A (Section 73R-1). Because bromide 
behaves largely conservatively, with the main exception being the bromide source from degrada-
tion of marine organic matter, the Br/Cl ratio can help determine the origin of a fluid phase.

Figure F44 shows the relationship between Na, Cl, and Br at Sites U1611 and 976 (where the sum 
of Br + I ions was analyzed rather than just Br—the contribution of iodine is negligible; Shipboard 
Scientific Party, 1996) in the Alborán Sea and Site U1610 in the Gulf of Cádiz. The two sites in the 
Alborán Sea (Sites U1611 and 976) have stable or increasing Br/Cl ratios, whereas Site U1610 has 
decreasing Br/Cl ratios. At Sites U1611 and 976, the Br/Cl ratio of the IW is higher than the 
expected ratio for simple evaporation of seawater, indicating that either organic matter degrada-
tion or halite precipitation influenced these fluids. Given that Messinian halite is not present in 
the sediments of the Alborán Sea, we interpret the fluids to reflect the former option, in contrast 
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to earlier interpretations for Site 976 (Bernasconi, 1999). The signature of a paleobrine is reflected 
in the dominantly conservative species (sodium, chloride, and bromide), although other major 
ions (e.g., sulfate, calcium, magnesium, and potassium) do not match the expectations of an evap-
orative brine. The reactive behavior of these elements with other sedimentary components 
(organic matter, clay minerals, and carbonate minerals) is likely the dominant control on their con-
centrations, overprinting the initial signal of the paleobrine.

6.2.3. Ammonium, phosphate, and total phosphorus
Ammonium and phosphate were analyzed only in Hole U1611A. Ammonium concentrations in 
IW were analyzed using spectrophotometry (Figure F43; Table T14). Ammonium concentrations 
are high, with a maximum of 6648 μM at 956.3 m CSF-A (Section 34R-3) and a linear decrease 
below that interval to a minimum of 3058 μM at 1225.1 m CSF-A (Section 78R-1). High ammo-
nium concentrations in this interval are attributed to degradation of organic matter by methano-
gens, added to any ammonium released at shallower depths within the zone of sulfate reduction 
(not recovered because of the wash down interval). Phosphate and total P concentrations mea-
sured by spectrophotometry and inductively coupled plasma–atomic emission spectroscopy (ICP-
AES), respectively, are below the detection limit throughout (Tables T14, T15).

6.2.4. Trace elements (Li, Si, Ba, B, Sr, Fe, and Mn)
Trace element concentrations in IW were analyzed using ICP-AES (Table T15). Because both 
Holes U1611A and U1611B show consistent downhole trends (Figures F45, F46, F47), this section 
mainly describes the trends in Hole U1611A with some notable features in Hole U1611B. Lithium 
increases from a minimum of 67 μM at 677.1 m CSF-A (Section 401-U1611A-4R-1) to a maximum 
of 531 μM at 904.9 m CSF-A (Section 28R-1). Lithium then decreases to <150 μM between 1007.8 
and 1095.3 m CSF-A (Sections 39R-5 and 52R-2), followed by a second increase to 450 μM at the 
bottom of the hole. The high Li concentrations at ~900 m CSF-A correlate well with the peak in 
alkalinity, although the overall shapes of the profiles are not perfectly matched (Figure F42). The 
peak is slightly shallower in Hole U1611B, paralleling the shallower depths of the alkalinity peak 
relative to Hole U1611A. Li concentrations are likely controlled by primary and authigenic silicate 
reactions (Bernasconi, 1999). The increase toward the bottom of the hole may be related to diffu-
sion of fluids influenced by silicate basement rocks. High Li concentrations were also observed at 
the bottom of Hole 976B and were initially thought to be in conflict with the existence of a paleo-
brine (Shipboard Scientific Party, 1996); however, additional sources of Li from hydrothermal 
activity within basement rocks could easily overwhelm the Li signal from the brine (Hathorne and 
James, 2006). The silicon profile is more similar to the alkalinity profile with an inverse relation-
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Figure F45. IW minor element concentrations (Li and Si), Site U1611. Dashed line = bottom water values.
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ship to pH (Figures F45, F48), showing that it is likely caused by changing silica solubility and 
authigenic clay precipitation/dissolution.

Barium concentrations range 21–192 μM throughout, except for two samples from Hole U1611A 
and three samples from Hole U1611B with relatively high Ba concentrations (235–394 μM) (Figure 
F46). The five samples with high Ba also have the lowest recorded sulfate concentrations at this 
site (<1.0 mM sulfate), showing that the Ba depth profile predominantly reflects variation in barite 
solubility. Boron increases from 182 μM at 670.4 m CSF-A (Section 401-U1611A-3R-3) to >400 
μM between 812.9 and 1172.9 m CSF-A (Sections 18R-1 and 68R-2) before a decline to 196 μM at 
1215.4 m CSF-A (Section 21R-2). The interval with high concentrations of boron corresponds to 
that with lower pH values and generally higher Si, suggesting that boron is influenced by clay min-
eral precipitation/dissolution.

Strontium concentrations increase from 829 μM at 686.8 m CSF-A (Section 401-U1611A-5R-1) to 
a maximum of 2271 μM at 833.8 mbsf CSF-A (Section 20R-2) and then decline to 520.6 μM at 
1225.1 m CSF-A (Section 78R-1) (Figure F46). In contrast to other sites from this expedition, the 
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Figure F46. IW minor and trace element concentrations (Ba, B, and Sr), Site U1611. Dashed line = bottom water values.
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main features of the strontium profile do not match well with the main features in the calcium 
profile: there is only a slight inflection in the calcium and magnesium profiles where the strontium 
peak occurs, and strontium concentrations are not elevated at the same level as the salinity maxi-
mum. This difference suggests that additional factors related to reactivity and mineralogy of car-
bonate minerals within the high-salinity waters may be controlling the behavior of these elements 
at Site U1611, whereas the profiles at other sites are dominantly controlled by carbonate diagene-
sis of primary carbonate components.

Iron concentrations are less than 0.7 μM throughout Holes U1611A and U1611B, with many sam-
ples below the detection limit of our analytical methods (Figure F47). Manganese concentrations 
are <6.1 μM above 972.7 m CSF-A (Section 401-U1611A-36R-1) and below 1181.3 m CSF-A (Sec-
tion 70R-1) but show a clear increase between 992.2 and 1172.9 m CSF-A (Sections 38R-1 and 
68R-1) to a maximum of 29.5 μM at 1021.1 m CSF-A (Section 41R-1). The highest Mn concentra-
tions coincide with the salinity maximum, although the overall shapes of the profiles are very dif-
ferent. The mineral ankerite was detected in the XRD spectra of a few samples above and below 
the peak in Mn concentrations; it is possible that dissolution of ankerite in the high-salinity IW 
contributes to the profile or that changes in the redox condition drive these patterns.

6.3. Microbiology sampling
Microbiological sampling was not initially planned for Expedition 401. However, after detecting 
high-salinity waters in Hole U1611A, whole-round samples were collected from Hole U1611B to 
enable future shore-based microbiological analysis. A total of 16 samples were taken at a resolu-
tion of approximately one sample per 20 m following modified sampling protocols (see Geochem-
istry in the Expedition 401 methods chapter [Flecker et al., 2025a]) and immediately frozen at 
−86°C to maximize the preservation potential of microbial life. Postcruise work may consider 
whether the unusual conditions recorded in the IW and organic-rich sediments might be associ-
ated with distinct microbial communities.

6.4. Sedimentary geochemistry
Sediment samples were collected for analysis of solid-phase geochemistry at a resolution of one 
sample per core or one sample every other half-length core for Hole U1611A (Table T16). These 
samples came from a fraction of the IW squeeze cake residue. Additional samples were taken from 
split cores to identify the geochemical variation across different lithologies identified by the ship-
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Figure F48. IW alkalinity, pH, and salinity, Site U1611. Dashed line = bottom water values.

Table T16. CaCO3, organic carbon, and nitrogen in sediments, Site U1611. Download table in CSV format.
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board sedimentologists. Squeeze cake residues were also analyzed from Hole U1611B at the lower 
resolution of one sample per 20 m (every fourth half-advanced core).

6.4.1. Calcium carbonate
CaCO3 ranges 5.0–92.0 wt% (Figure F49; Table T16) with a mean of 28.3 wt% and a standard devi-
ation of 17.0 wt% overall in both holes at Site U1611. In Hole U1611A, CaCO3 is generally 30–60 
wt% in the uppermost 812.9 m (to Section 401-U1611A-18R-1), including a dolomitic sandy silt in 
Section 13R-7 (772.0 m CSF-A) that has 59.5 wt% carbonate, which may reflect an authigenic car-
bonate component. Carbonate then varies between 14 and 36 wt% between 833.8 and 956.3 m 
CSF-A (Sections 20R-2 and 34R-3). Below this interval, CaCO3 is generally low, ranging 15–25 
wt%. Discrete high values >60 wt% (seven samples) were obtained for targeted lithologies, many of 
which are identified as dolomitic or cemented carbonate lithologies and six of which were col-
lected in the generally low carbonate interval between 956.3 and 1200 m CSF-A. For example, a 
cemented carbonate lithology in Section 50R-1 (1083.2 m CSF-A) has 86.9 wt% carbonate, and the 
highest analyzed carbonate content (92.0 wt%) is in a banded concretion from Section 69R-1 
(1176.3 m CSF-A). The trend in Hole U1611B parallels the general trend observed in Hole 
U1611A, with the absence of the higher carbonate weight percent samples taken from targeted 
carbonate-cemented samples in Hole U1611A because these were not sampled in Hole U1611B.

The highest carbonate concentrations at the top of Hole U1611A are in the Pliocene section (see 
Biostratigraphy), which presumably reflects higher carbonate productivity and/or lower dilution 
or dissolution during this interval compared to the lower sediments. The lower CaCO3 below may 
indicate decreased production and/or increased dissolution during a period that is thought to cor-
respond to the MSC interval and the earlier Messinian period. Decreased production is likely 
because small foraminifers are present but coarse fraction foraminifers are absent. Variable pres-
ervation is also noted from visual inspection (see Biostratigraphy). For samples containing dolo-
mite rather than calcite, the standard coulometry calculations assuming a composition of calcium 
carbonate will overestimate the weight percent carbonate by approximately 8% because of the 
lower mass of magnesium relative to calcium. For other samples containing a mixture of dolomite 
and calcite (dolomite is generally <10% of the total carbonate fraction; see Lithostratigraphy), the 
correction is minor.

A weak negative correlation (R2 = 0.38) exists between the CaCO3 weight percent and the raw 
NGR measurements taken closest to the IW samples from Hole U1611A (Figure F50). Samples 
from targeted carbonate-cemented samples generally lie off the main trend with higher carbonate 
content relative to their NGR value. The correlation improves (R2 = 0.50) when NGR is normalized 
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for dry bulk density. The linear regression of bulk density and dry bulk density are determined 
from discrete moisture and density (MAD) data, and this linear regression is applied to the gamma 
ray attenuation (GRA) measurements to generate dry bulk density data at the GRA resolution. 
These dry bulk density data at GRA resolution are then interpolated to the NGR resolution for 
Hole U1611A for the NGR/dry bulk density correction. For Hole U1611B, MAD density data were 
not measured and the GRA data appear to be of lower quality because they do not show the 
expected downcore increase and have many low values due to gaps between the sediment and core 
liner. These issues result in a high bias in the normalized NGR data for Hole U1611B compared to 
Hole U1611A relative to carbonates and a weaker correlation relative to the raw NGR data. For 
these reasons, the NGR/dry bulk density correction is not considered robust in Hole U1611B, and 
the carbonate-NGR/dry bulk density relationship is not reported because it diverges from the gen-
eral relationship at most sites where carbonate concentrations are the principal driver of NGR 
variations. The generally weaker correlation at this site between NGR and carbonate content 
shows that the proportion of the carbonate sedimentary fraction only explains a portion of the 
variability in NGR here. At lower carbonate concentrations, as in the deeper sediments at this site, 
the proportional mixture of other sedimentary components such as clays and silica likely deter-
mine the NGR signal, although siliciclastic dilution is less than at Site U1610.

6.4.2. Carbon and nitrogen
Overall, the total organic carbon (TOC) for the sampled intervals of Hole U1611A ranges 0.2–2.9 
wt% with a mean of 0.9 wt% and a standard deviation of 0.5 wt% (Figure F49; Table T16), exclud-
ing one discrete high TOC sample with 51.9 wt% TOC. TOC is calculated based on the difference 
between total carbon (TC) and total inorganic carbon (TIC) (TOC = TC − TIC) and is prone to 
uncertainties associated with the large mass of TIC typical in marine samples. However, there is a 
clearly resolved shift in the characteristics of organic matter downcore that is robust to these more 
minor uncertainties. We observe low TOC (<1.25 wt%) in the upper part of Hole U1611A (above 
~865 m CSF-A) with a mean of 0.7 wt% and a standard deviation of 0.5 wt% in sediments that 
appear to be dominated by marine organic inputs (see C/N ratios below). Below this is a sharp 
transition to higher TOC (up to 3 wt%) averaging 1.1 wt% with a standard deviation of 0.7 wt%. 
After the sharp transition, the lower interval of the core has generally decreasing TOC downcore 
from ~3 to 1 wt%, indicating decreasing productivity and/or preservation. We suspect preserva-
tion is a primary control on organic matter at this site associated with increasing stratification and 
anoxia of the water column. Within this interval of generally elevated TOC, there are also discrete 
horizons with organic fossils including fish, leaves, and wood. One discrete black sedimentary 
layer sampled to determine its composition and origin yielded a TOC of 51.9 wt%, consistent with 
an accumulation of biomass (Sample 401-U1611B-61R-3, 103 cm; 1044.8 m CSF-A). Additional 
such deposits were noted but were not sampled shipboard.
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Weight percent nitrogen (Figure F49; Table T16) measured downcore in Holes U1611A and 
U1611B ranges 0.02–0.17 wt% with no detectable downcore trend. The highly organic rich sample 
(401-U1611B-61R-3, 103 cm) yielded 0.75 wt% nitrogen, higher than that of the surrounding sedi-
ments.

The C/N mass ratio (using TOC and TN) is used to distinguish the origin of organic matter 
(marine versus terrestrial) in sediment (Emerson and Hedges, 1988; Meyers, 1997). The data set 
has a mean C/N ratio of 14.7 and a standard deviation of 6.7, indicating that the organic carbon is 
dominantly of terrestrial origin with a lesser contribution from marine production, which is con-
sistent with the location of Site U1611 relatively close to land (Figure F49; Table T16). Some het-
erogeneity between samples shows that the inputs are somewhat variable between dominantly 
marine and dominantly terrestrial influences. Downcore, we see clear trends in C/N ratios that 
indicate mode shifts. Above 865 m CSF-A in Hole U1611A, the C/N ratio indicates dominantly 
marine organic matter with a mean of 12.8, suggesting the Alborán Sea was connected to the 
Atlantic Ocean. There is a sharp transition between samples at 864.3 (Section 401-U1611A-23R-3) 
and 874.1 m CSF-A (Section 24R-4), coincident with the rise in TOC, and below this transition the 
mean is 19.2, indicating elevated terrestrial input. This sharp transition in organic matter within 
the late Messinian likely indicates a significant basinal change; for example, it may signify the 
Alborán Basin’s isolation from the Mediterranean during the MSC. In the earlier Messinian, the 
mean C/N ratio of 14.9 indicates mixed terrestrial and aquatic production. A trend in the Messin-
ian toward increasing C/N as TOC increases (upward in the core) implies increasingly terrestrial 
inputs and increasing organic matter preservation. In addition to productivity changes, preserva-
tion changes can also influence C/N ratios, so the higher TOC content of the MSC strata would 
also support improved preservation of the terrestrial component, which may be more substan-
tially degraded under the more oxic conditions that followed in the Pliocene. Fewer samples were 
collected from Hole U1611B, and the value range is similar to that in Hole U1611A.

The most organic-rich sample (401-U1611B-61R-3, 103 cm) has a C/N ratio of 69, indicating it is 
dominantly terrestrial organic matter or it has significantly matured and lost primary nitrogen. 
Smear slide observations appear to confirm the former explanation, given observations of likely 
lignin with a brown to yellow color, suggesting immature terrestrial biomass.

6.4.3. 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 <15 mmol/mol for the uppermost 813 m of Hole 
U1611A, with a single outstanding value of 558 mmol/mol (Sample 13R-7, 40–41 cm) (Figures 
F51, F52). The Mg/Ca ratios increase to >50 mmol/mol in the deeper part of the hole (below 992.2 
m CSF-A; Section 38R-1). Samples with >200 mmol/mol Mg/Ca generally correspond to targeted 
sampling of carbonate-cemented lithologies identified by the sedimentologists. Carbonate Sr/Ca 
ratios generally respond in the opposite direction to Mg/Ca ratios: the baseline Sr/Ca is around 2.0 
mmol/mol above 813 m CSF-A and then decreases to 1.0–1.5 mmol/mol in intervals of higher 
Mg/Ca (Cores 20R–34R) (Figure F51). In the deeper part of the hole, the baseline Sr/Ca ratios 
decline from 2.3 mmol/mol at 1000 m CSF-A to 1.6 mmol/mol at the bottom of the hole. One very 
high Sr/Ca ratio of 8.7 mmol/mol stands out (Sample 30R-1, 62–63 cm), where XRD analysis indi-
cates that the carbonate fraction is dominated by the mineral aragonite. Carbonate-cemented 
samples dominated by dolomite (Mg/Ca ratios generally greater than 500 mmol/mol) generally 
have lower Sr/Ca ratios than the surrounding lithologies. These geochemical patterns in Mg/Ca 
and Sr/Ca represent the combined effects of carbonate diagenesis on primary sedimentary com-
ponents as well as the presence of different authigenic carbonate minerals (primarily dolomite and 
aragonite).

Table T17. Carbonate fraction geochemistry, Hole U1611A. Download table in CSV format.
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Carbonate Mn/Ca and Fe/Ca ratios have downhole profiles similar to that of carbonate Mg/Ca 
above approximately 900 m CSF-A but different profiles in the deeper part of the hole (Figure 
F52). Carbonate Mn/Ca ratios generally range 0.3–1.5 mmol/mol for the uppermost 990 m of 
Hole U1611A before increasing to approximately 1.7–18.5 mmol/mol in the deeper part (Cores 
401-U1611A-38R to the base of the hole). Within the upper interval, several samples between 
833.8 and 864.3 m CSF-A (Sections 20R-2 through 23R-3) have significantly higher Mn/Ca ratios 
between 11.8 and 15.6 mmol/mol. In the deeper part of the core, a few samples, especially ad hoc 
samples taken specifically from split cores targeting interesting lithologies, have Mn/Ca ratios of 
>20 mmol/mol. Carbonate Fe/Ca ratios are generally less than 1.2 mmol/mol throughout the hole. 
Several samples between 833.8 and 864.3 m CSF-A (Sections 20R-2 through 23R-3) have signifi-
cantly higher Fe/Ca ratios between 3.4 and 10.9 mmol/mol (similar to the pattern in Mn/Ca), and 
increases are also noted below 1181 m CSF-A between 1.4 and 6.5 mmol/mol. A sample of dolo-
mitic sandy silt has the highest Fe/Ca ratio of 70.7 mmol/mol (Sample 13R-7, 40–41 cm). Three 
carbonate-cemented samples rich in dolomite also have high Fe/Ca ratios. Several samples below 
925 m CSF-A have the mineral ankerite detected by XRD analysis; however, none of these samples 
have high Mn/Ca ratios. No other clear lithologic patterns are present for the Mn and Fe contents 
of the carbonate sedimentary fraction at this site, but the high variability and elevated values for 
Mn/Ca and Fe/Ca ratios are consistent with an anoxic environment associated with laminated 
intervals of the core. The contributions of primary marine, detrital, and authigenic carbonate 
phases cannot be distinguished by these analyses but may be studied in the future by microscale 
work linked with petrography.
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Figure F51. Carbonate Mg/Ca and Sr/Ca, Hole U1611A. Symbol color indicates lithologies identified in split core or found 
immediately above and below IW whole-round sample; where they differ, interior color shows lithology above and exterior 
color shows lithology below.
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Figure F52. Comparison of carbonate geochemistry results, Hole U1611A. Symbol color indicates lithologies identified in 
split core or found immediately above and below IW whole-round sample; where they differ, interior color shows lithology 
above and exterior color shows lithology below.
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7. Physical properties
Physical properties at Site U1611 were determined in Holes U1611A and U1611B at 2.5 cm spacing
on the Whole-Round Multisensor Logger (WRMSL) and Section Half Multisensor Logger (SHMSL)
and at 10 cm spacing on the Natural Gamma Radiation Logger (NGRL) (see Physical properties
in the Expedition 401 methods chapter [Flecker et al., 2025a]). Whole core P-wave measurements
for Hole U1611A proved to be highly scattered and unreliable, and no further WRMSL whole core
P-wave measurements were taken from Hole U1611B after the data from Cores 401-U1611B-3R
and 4R proved to be just as poor. This change in measuring procedure resulted in acquiring the
data from the WRMSL faster and earlier because it was no longer necessary to wait 3–4 h for the
core to stabilize for P-wave measurements. Therefore, with the exception of Cores 3R and 4R, it
was decided that first measuring the cores from Hole U1611B on the Special Task Multisensor
Logger (STMSL) was not necessary for initial stratigraphic correlation with Hole U1611A.

For Hole U1611A, P-wave velocity measurements of the split core section (working half ) were
determined at two different positions (depending on the integrity and condition of the sediment)
in each core section. Additionally, one or two discrete cylindrical samples were taken from each
core for MAD measurements for Hole U1611A. Finally, thermal conductivity measurements were
conducted on cohesive sediments from at least one section per core for Hole U1611A. No discrete
samples were taken from the working-half section of Hole U1611B, nor were measurements con-
ducted on the working-half section of Hole U1611B.

There is cyclicity in the Pliocene, but in the Miocene any astronomically forced cycles are difficult
to discern because the stratigraphy contains downslope deposits and quite variable lithologies.
Lithostratigraphic Unit I is characterized by relatively lower amplitude cycles than Units II and III.
A prominent rise in MS and NGR at ~860 m CSF-B corresponds to just below the Lithostrati-
graphic Unit I/II boundary (Figure F53; see Lithostratigraphy). Consistently higher amplitude
cycles are common throughout Unit II, whereas Unit III has more variable amplitudes depending
on the data set.

Figure F53. WRMSL MS, GRA density, and NGR and P-wave velocity, Site U1611. Note that Unit I/II boundary occurred at different depth in the two holes. MS, GRA, and
NGR: gray dots = original three data sets (with anomalous values removed from MS and GRA), overlying black lines = 10 cm locally weighted nonparametric regression
(LOWESS) smooth run on MS, GRA, and NGR to highlight variations and secular trends. P-wave velocity: gray dots = WRMSL PWL, red squares = PWC x-direction, blue
circles = PWC y-direction, and green crosses = PWC z-direction. cps = counts per second.
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7.1. Magnetic susceptibility
MS ranges ~1.4–54.5 instrument units (IU) for Site U1611 (Figure F53). Four large-scale trends 
that broadly correlate to lithostratigraphic units (see Lithostratigraphy; Figure F9) are evident in 
the MS data set. From approximately 680 to 1000 m CSF-B, MS displays prominent trends of two 
distinct types: distinct sharp peaks observed in Unit I, succeeded by a transition to sharp troughs 
in Unit II. These two sections are separated by a large broad peak (~20 m long) that decreases in 
value at its base at ~860 and ~850 m CSF-B in Holes U1611A and U1611B, respectively. The final 
two major shifts occur in Unit III and involve an initial transition to lower amplitude cycles (~1000 
to ~1100 m CSF-B), with a high-frequency sequence of sharp peaks dominating the data set from 
~1100 m CSF-B to the bottom of the core.

In Unit I, the peaks in MS values correlate fairly well with thin units of coarser grained sediments 
(see Lithostratigraphy) and are likely caused by a brief influx of more highly magnetic material, 
potentially sourced from exposed igneous rock on land (Gómez de la Peña et al., 2018). By con-
trast, the large ~20 m long peak is relatively evenly divided between mainly calcareous silty muds 
in the uppermost half and mainly calcareous muds in the lower half (Figure F10), making textural 
correlation more ambiguous.

The sharp troughs of Unit II primarily correspond to thin intervals of cemented carbonates and 
dolostone, as well as small sections of calcareous muds and clays. This correlation implies that 
these low values reflect higher concentrations of diamagnetic calcite and/or dolomite, both of 
which would be expected to decrease bulk MS. Nevertheless, higher resolution geochemical anal-
ysis in addition to rock magnetic experiments are required to prove this hypothesis.

The transition to lower amplitude MS values in Unit III corresponds fairly well to the onset of silty 
muds characteristic of that section (see Lithostratigraphy). However, despite the abundance of 
conglomeratic layers in the lower half of Unit III, these coarser units only occasionally correspond 
to the high-frequency peaks in the MS data set. To further complicate interpretations, these peaks, 
which were identified in the whole-round data, are completely absent in the section-half point MS 
measurements (conducted on the archive halves using the SHMSL) (Figure F54). However, NRM 
intensity measurements on the same archive halves produced high values that appear to corre-
spond to those identified in the whole-round MS data.

To better understand this discrepancy in the three data sets, both the archive and working halves 
of Section 401-U1611A-56R-1 were remeasured on the WRMSL and SHMSL, and peaks were 
identified in the former instrument but not the latter (Figure F55). A peak was only identified on 
the SHMSL after flipping the working half upside down so that the instrument made contact with 
the underside of the core section. Overall, this suggests that in some cases these peaks might be 
related to more local features (such as nodules) rather than a distinct change in magnetic mineral-
ogy of whole beds. This is supported by the X-ray images of Section 56R-1, which show no distinct 
change corresponding to the peaks. However, because of the abundance of these high peaks in the 
lower half of Unit III, it is highly recommended that more detailed rock magnetic experiments be 
conducted to better segregate between peaks caused by laterally continuous lithologic changes 
and those caused by more local features.

7.2. Gamma ray attenuation bulk density
GRA density varies from ~1.68 to 2.1 g/cm3 at Site U1611 (Figure F53). However, gaps between 
sediments and surrounding core liners for the RCB cores cause apparent reductions in the bulk 
density values measured with the WRMSL. The scale of the deviation of the GRA bulk density 
values from the real value depends on the scale of the gap, and wider sediment liner gaps result in 
lower GRA densities. For this reason, there is an overall large difference between GRA and MAD 
bulk density values, implying large sediment liner gaps throughout Hole U1611A (Figure F56).
This probably explains the lack of obvious compaction-driven increasing trends with depth in the 
GRA density values despite their presence in the MAD bulk density values (Figures F53, F57).
This indicates that GRA bulk density values are less reliable than MAD bulk density.
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7.3. Natural gamma radiation
NGR trends match well in Holes U1611A and U1611B at the large scale (Figure F53). The record 
fluctuates between 20 and 60 counts/s with a cycle thickness of 1–2 m in Holes U1611A and 
U1611B (Figure F58). NGR in the two holes shows an overall very gentle increasing trend with 
depth. The record fluctuates around ~35 counts/s between ~666 (top of coring depth) and 860 m 
CSF-B in Hole U1611A and between 745 (top of coring depth) and ~840 m CSF-B in Hole 
U1611B. It reaches a peak of 58 counts/s in Hole U1611A and 44 counts/s in Hole U1611B (Figure 
F58).

The spectral components of NGR (potassium, uranium, and thorium) were extracted from the 
total counts using the MATLAB code developed by De Vleeschouwer et al. (2017). Potassium and 
thorium values show similar long-term variations to the total NGR values (Figure F58). However, 
the uranium values do not show an obvious response of the peak recorded by the total NGR, 
potassium, and thorium at ~860 m CSF-B in Hole U1611A and ~840 m CSF-B in Hole U1611B. 
The uranium record increases sharply and shows much higher cycle amplitude below 954 m 
CSF-B in Hole U1611A and 938 m CSF-B in Hole U1611B (Figure F58). This character is not very 
clearly shown either by the total NGR or by the potassium and thorium components. This promi-
nent shift of uranium signal could indicate a fundamental change of the basin environment, which 
requires in-depth study of the driving factors.

7.4. Spectrophotometry
Lightness (L*), green–red (a*), and blue–yellow (b*) color is highly cyclic, consisting of regular 
cycles that range ~2–3 m in wavelength (Figure F59). The records for L* and b* closely correspond 
with the MS and NGR signals, whereas a* exhibits a more inversely proportional relationship. Spe-
cifically, only a* and b* display a broad trough and peak, respectively, at the boundary between 

Figure F54. WRMSL and SHMSL MS and SRM NRM, Hole U1611A. Note that all three data sets show same trend to ~1120–1285 m CSF-B, below which SHMSL data set 
lacks high-frequency peaks noted in WRMSL and SRM data sets.
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Units I and II. However, L* becomes darker below 860 m CSF-B, corresponding to darker intervals 
in the visual core description (see Figure F8). In other areas, the variability appears to be on a 
smaller scale and more irregular, possibly reflecting the gradational nature of many lithologic con-
tacts.

7.5. Thermal conductivity
At Site U1611, thermal conductivity was measured in triplicate at one position per core, typically 
in Section 2, using a half-space probe (H51027 or H51033). When Section 2 had cracks or other 
malformations that precluded good measurements, the measurement was conducted on another 
suitable section. The average thermal conductivity for this site is 1.76 W/(m·K) (black dots in Fig-
ure F56), with minimum and maximum values ranging 1.08–2.98 W/(m·K). These values are quite 
scattered between ~660 and 950 m CSF-B, depending on porosity and composition, showing 
higher variations in the depth range of ~900–950 m CSF-B. Below this depth, values become more 
consistent, probably due to the presence of harder sediment. However, there are five outliers 
greater than 2 W/(m·K) that might correspond to the presence of highly consolidated material. 
Below 950 m CSF-B, there is a lithologic change from dominantly calcareous muds and silty muds 
to sandy silt, sand, dolomitic sandy silts, and conglomerates (see Lithostratigraphy; Figure F9).

Three lithostratigraphic units were defined based on sedimentologic facies (see Lithostratigra-
phy; Figure F9). Unit I shows some average dispersion of thermal conductivity (Figure F56), which 
increases toward the base of the unit. Unit II follows the same pattern as the values are also scat-
tered in this unit. Unit III shows more consistent values.

Figure F55. MS tests (401-U1611A-56R-1).
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The general trend for Site U1611 shows that the average thermal conductivity values are more 
scattered above ~950 m CSF-B, and below this depth more compact sediment yields thermal con-
ductivities that are, in general, more consistent and regular (Figure F56). Porosity decreases 
slightly downhole because of compaction, showing a scattered pattern between ~850 and 1050 m 
CSF-B that is similar to the rest of the physical properties (Figure F56). Below this depth, both 
porosity and grain density continue to decrease, whereas MAD density continues to slightly 
increase.

7.6. P-wave velocity
The P-wave logger (PWL) data are very scattered and thus unreliable, mainly because of the gap 
between the recovered core and the core liner. Good-quality P-wave caliper (PWC) values for Hole 
U1611A were not obtained above Core 401-U1611A-5R (688.5 m CSF-B), most probably due to 
the poor lithification of the sediment at shallower depths.

The PWC data were obtained from 1 or 2 measurement points on the working halves and/or dis-
crete cubic samples (later used for MAD measurements) from Cores 401-U1611A-5R through 86R 

Figure F56. Thermal conductivity, MAD, GRA bulk density, porosity, and grain density, Hole U1611A. Porosity and grain 
density were obtained during MAD measurements.
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(688.5–1273.6 m CSF-B). PWC results from these sections show typical increase-with-depth 
velocities from ~1590 m/s at 688.5 m CSF-B to ~4300 m/s at 1273.6 m CSF-B. Discrete cubic spec-
imens for the measurement of P-wave velocity in the x-, y-, and z-directions (Figure F53) show 
values varying from 1663 to 5418 m/s. 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 900 m 
CSF-B; Figure F9). There is a general trend toward higher values with depth, but in situ PWC 
velocities are still underestimated, especially for the values measured on working half sections.

7.7. Moisture and density measurements
Bulk density values were calculated from MAD measurements made on discrete samples (Cores 
401-U1611A-3R through 86R), among which were 28 cubic discrete samples (out of a 103 total 
samples) taken from the working halves of Hole U1611A for both MAD and P-wave velocity mea-
surement. Sampling resolution varied depending on lithology, recovery, and quality of the individ-
ual core sections.

MAD density values increase with depth and are commonly higher than GRA values at the same 
depth (Figure F56). MAD measurements on geometrically uniform and discrete samples are able 
to reflect downhole compaction (Figure F57) and are free from the impact of sediment liner gaps. 
MAD results are therefore able to provide more reliable density values than the GRA density data 
set.

7.7.1. Bulk density, grain density, and porosity
Bulk density from MAD measurements typically ranges 1.87–2.69 g/cm3 in Hole U1611A (Figure 
F57). Grain density in Hole U1611A typically ranges 2.7–2.8 g/cm3 except for two anomalous val-

Figure F57. Variation of porosity, grain density, and bulk density by lithology based on MAD measurements, Hole U1611A.
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Figure F58. NGR measurements on core sections, Site U1611. Three NGR components (potassium, uranium, and thorium) 
were extracted from total NGR counts using shipboard codes based on method described by De Vleeschouwer et al. (2017). 
Arrows and circles = two principle shifts in difference between uranium and other signals. cps = counts per second.
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Figure F59. MS and L*, a*, and b* color variation, Site U1611. Gray dots = original three data sets (with anomalous values removed from all data sets), overlying black 
lines = 10 cm locally weighted nonparametric regression (LOWESS) smooth run on all data sets to highlight variations and secular trends.
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ues of 2.4 g/cm3 measured at ~1010 m CSF-B and 3.1 g/cm3 measured at ~1154 m CSF-B. Porosity 
generally slightly declines with depth because of compaction (Figure F56). Disrupting this trend, 
discrete porosity values range from a maximum of 51.5% at 1148.2 m CSF-B to a minimum of 4% 
at 907.5 m CSF-B (cemented carbonate) in Hole U1611A.

Trends in porosity, grain density, and bulk density (Figure F56) can be compared with Lithostrati-
graphic Units I–III (Figure F9). Linear relationships of these parameters with depth occur in both 
Units I and III and are more scattered in Unit II. Porosity variations in Unit II might partly be the 
result of deformation (e.g., slumping) but also is likely controlled by variable diagenesis.

8. Downhole measurements
Following coring in Hole U1611A, the hole was prepared for downhole logging on 29 January 2024 
(see Operations). For the first logging run, a 33.29 m long triple combo tool string (see Figure F20
in the Expedition 401 methods chapter [Flecker et al., 2025a]) consisting of the Magnetic Suscep-
tibility Sonde (MSS), High-Resolution Laterolog Array (HRLA), Hostile Environment Litho-
Density Sonde (HLDS), Hostile Environment Natural Gamma Ray Sonde (HNGS), and logging 
equipment head-pressure temperature (LEH-PT) tool was deployed, which measures MS, electri-
cal resistivity, density, natural gamma ray, and formation temperature, respectively. As the tool 
string was being lowered down the hole, the triple combo encountered obstructions just below the 
casing and had to be worked down through bridges and ledges. The tool string reached ~914 m 
CSF-B; however, after more than 10 unsuccessful attempts to penetrate deeper, a decision was 
made to log up (see Operations) through the open hole and casing to the seafloor. A second tool 
run was attempted with a 31.5 m long sonic tool consisting of the General Purpose Inclinometry 
Tool (GPIT), Dipole Sonic Imager (DSI), HNGS, Enhanced Digital Telemetry Cartridge (EDTC), 
and LEH-PT. This time, the tool string encountered an obstruction at an even shallower depth of 
~750 m CSF-B, and after more than 10 unsuccessful attempts to penetrate deeper, the tool was 
brought back up to the rig floor without logging. The logged open hole interval was late Messinian 
to Early Pliocene in age, consisting mostly of calcareous silty mud with 2–6 m scale repeating 
cycles in core NGR, MS, and density (see Lithostratigraphic Unit I in Lithostratigraphy and 
Physical properties; Figures F9, F53).

8.1. Borehole conditions and downhole data set quality
Borehole wall conditions were very rough, characterized by washouts, bridges, and ledges (Figure 
F60). According to the GPIT data set, the borehole was inclined ~9° from vertical at the end of the 
pipe (~675 m CSF-B) and inclination increased with depth to more than 12° at 750 m CSF-B (Fig-
ure F60). The GPIT and LEH-PT inclination data show an oscillation in the deviation curve that 
reflects repeated angles and/or bridging inside the borehole. Such angles and inclinations may 
explain the difficulty encountered in lowering the tool strings down the borehole past ledges. The 
inclination of the borehole influences the two-way traveltime (TWT) to depth conversion because 
the true vertical depth will be shallower than the measured depth along the borehole path (CSF 
scale). Unless the inclination decreases again with depth, such high angles of inclination will prob-
ably be visible even on the scale of the seismic profile when tied to the borehole.

The HNGS gives formation gamma ray data inside the casing and the drill pipe, albeit attenuated. 
The HNGS logs show that the base of the pipe is at 676 m wireline log depth below seafloor (WSF) 
(Figure F60) and the seafloor is at ~818 m wireline log depth below sea level (WSL). It may still be 
possible to use this data to study the Pliocene–Quaternary cyclicity after applying the necessary 
correction factors for the additional attenuation at thicker pipe joints.

Comparison of the total spectral gamma ray (HSGR) downhole gamma ray signal with equivalent 
NGR data measured on the cores shows that the HSGR data are highly affected by the bad bore-
hole conditions, especially the washouts, resulting in anomalous troughs that do not reflect true 
geologic variations (e.g., washouts between ~693 and 697 m CSF-B and between ~700 and 710 m 
CSF-B; Figure F60).



R. Flecker et al. · Site U1611 IODP Proceedings Volume 401

https://doi.org/10.14379/iodp.proc.401.106.2025 publications.iodp.org · 67

Resistivity log values range ~1 to ~3 Ωm and are also substantially impacted by hole conditions, as 
evidenced by the mimicking of this log to the caliper log (Figure F60).

The repeat and main path of the MS logs repeat reasonably well in the interval where they overlap 
(~810 to ~875 m CSF-B; Figure F60). Comparison of the MS log curve with the data measured on 
the cores only occasionally appears to have similar features (e.g., 680–700 m CSF-B). The interval 
between 750 and 905 m CSF-B, where core recovery was nil, is fairly well covered by the MS down-
hole log, which could be useful for lithology prediction.

8.2. Downhole temperature
The SET2 tool was run before taking Core 401-U1611A-3R at 657.3 m CSF-B. It gave a clean 10 
min temperature equilibration curve, and from this a formation temperature of 28.3°C was 
derived. Using this result and a seafloor temperature of 13.3°C (based on the Conductivity-

Figure F60. Downhole logging data summary showing borehole conditions (BS) and inclination, downhole gamma ray log 
(HSGR) and NGR measured on cores, downhole MS log plotted against core measurements, and downhole resistivity log, 
Hole U1611A. All downhole data are from triple combo repeat and main upward passes. LCAL = caliper, cps = counts per 
second, gAPI = American Petroleum Institute gamma radiation units, CALC = calculated.
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Temperature-Depth [CTD] measurement in this hole), the geothermal gradient at the site is 
22.8°C/km.

8.3. Core-downhole-seismic integration
Time-depth relationships are crucial for correlating seismic profiles to drill hole information. One 
important challenge of Expedition 401 was to establish the age and lithologic origin of the seismic 
reflections previously identified in seismic profiles covering the study area. Three available data 
sets could be used to correlate the stratigraphy with the seismic units interpreted on the seismic 
profiles at Site U1611A: (1) vertical seismic profile (VSP) check shot traveltimes acquired from the 
industrial borehole Andalucia G1 (Bulian et al., 2021), (2) traveltime derived from sonic logs 
acquired from Site 976, and (3) synthetic seismograms (preliminary seismograms produced on the 
ship during the expedition using MAD and PWC measurements). Figure F61 shows the different 
time-depth relationships available in Hole U1611A. Each of these results in a different seismic-

Figure F61. (A) Depth to TWT conversions and (B) Seismic Line CAB01-125, with locations and depth penetrations of Holes 
U1611A and U1611B. MD = measured depth, wrt SF = with respect to seafloor, SP = shotpoint. MP = Miocene/Pliocene, 
TES = Top Erosion Surface.
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downhole-core tie. For Holes U1611A and U1611B, the time-depth relationship derived from the 
Andalucia G1 borehole VSP was used for a preliminary core-downhole-seismic tie (Seismic Profile 
CAB01-125). Figure F61 shows the result of the tie of the borehole to the seismic profile. Even 
though it is preliminary, the borehole to seismic tie appears reasonable because the encountered 
depth of the Miocene/Pliocene boundary as dated by the biostratigraphy team in the cores coin-
cides very well with the M reflector (also known as the Top Erosion Surface) interpreted to be the 
Miocene/Pliocene boundary elsewhere in the Alborán and the rest of the Mediterranean area (Lofi 
et al., 2011) (see Biostratigraphy; Figure F61).

According to this hole-seismic tie, the maximum drilled depth in Hole U1611A reached 2.26 and 
2.05 s TWT on the seismic profile (Figure F61). This tie does not yet include the inclination of the 
borehole, which may change considerably depending on how that inclination proceeded with 
depth. In the absence of downhole measurements, paleomagnetism data analysis will be necessary 
to determine the inclination along the rest of the borehole. However, it is worth mentioning that 
the perfectly horizontal sediment lamination observed in the cores (see Lithostratigraphy), hints 
to a perfectly vertical borehole, unless the recovered beds are perfectly perpendicular to the direc-
tion of inclination of the borehole. This is unlikely because such bed inclination is not observed in 
the seismic data, meaning it is likely that the borehole inclination returned to nearly vertical with 
depth.

9. Age model
Only two bioevents are unambiguously identified in Holes U1611A and U1611B (Figure F62; see 
Biostratigraphy). Additionally, based on foraminifer assemblages and lithostratigraphy, we iden-
tified the top and bottom of the MSC, which is well dated (5.33–5.97 Ma; Roveri et al., 2014, and 
references therein) and thus provide two more chronostratigraphic control points. The paleomag-
netic signals measured during the expedition are not clear enough to determine chron boundaries 
with any certainty, so there are no additional magnetostratigraphic age constraints at this stage 

Figure F62. Age model tie points and sedimentation accumulation rates for each data set, Site U1611.
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(see Paleomagnetism). The cyclicity in the physical properties data is obscured by the intercala-
tion of coarse-grained clastic sediments and slumps and does not show the simple, regular litho-
logic cycles that characterize the Atlantic sites. Consequently, they cannot be used at this stage to 
help with age dating, sedimentation rate changes, or correlation as was possible with the Atlantic 
Expedition 401 sites.

What the four age constraints do indicate is that there is reasonably good depth agreement 
between Holes U1611A and U1611B to the base of the MSC (5.97 Ma). Below that, the substan-
tially deeper occurrence of the 6.38 Ma bioevent in Hole U1611A than in Hole U1611B suggests 
that the stratigraphy in the two holes is different (see Figure F6 in the Expedition 401 summary 
chapter [Flecker et al., 2025b]). This is consistent with the different lithostratigraphic succession 
and with the thickening of this seismic unit from Hole U1611B to U1611A (see Lithostratigraphy).
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