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Abstract 29 

The beginning of the Mid-Pleistocene Transition (MPT) ~920 ka BP marked the 30 

expansion of northern hemisphere ice shields and caused a significant climate change 31 

in NW Europe. The MPT ended with the establishment of the 100 kyr ice age cyclicity at 32 

~640 ka BP, due to orbital eccentricity changes. Previous studies explained the northern 33 

hemisphere cooling by cooling of sea-surface temperatures, increased sea-ice cover 34 

and/or changes in the Atlantic Meridional Overturning Circulation (AMOC) strength. We 35 

here discuss very-high resolution parametric echosounder (Parasound) imagery and 36 

sediment core analytics from a plastered drift at the eastern Campeche Bank (southern 37 

Gulf of Mexico), which was deposited under the influence of the Loop Current (LC). The 38 

LC transports warm tropical waters from the Caribbean into the Gulf via the Yucatan 39 

Channel. It is a key component of the Gulf Stream system, driving the ocean heat, 40 

salinity, and moisture transport towards the N Atlantic. The joint interpretation of 41 

reflection patterns, age constraints from color-scanning, foraminiferal stable oxygen 42 

isotopes, Sr isotope ratios (87Sr/86Sr) and core-seismic integration led to consistent 43 

conclusions about changes in LC strength across the MPT, thereby modulating the deep 44 

base level and the deposition of the plastered drift. The development of offlapping or 45 

onlapping plastered drifts, or the transition between the two termination patterns is best 46 

explained by changes in the depth of the relative deep base level and interpreted by 47 

changes in the flow regime. 48 

Initially, the Middle Miocene to Pliocene closure of the Central American Seaway caused 49 

the onset and intensification of the LC and hence a deep base level fall. The sedimentary 50 

deposits from this phase have an offlapping prograding clinoform configuration, 51 

resembling a forced regression systems tract as is known from shelf areas. The deep 52 

base level fall caused sediment truncation above 500 m present day water depth. Below 53 

500-550 m, the offlapping succession is overlain by sigmoidal and onlapping, 54 

transgressive systems tract like clinoforms. The transition from deep base level fall prior 55 

to the MPT to deep base level rise documents the weakening of the LC during the early 56 

MPT. After the MPT, the LC continued to weaken. The related reduction of heat transport 57 

from the Western Atlantic Warm Water Pool into the North Atlantic contributes to the 58 

further cooling of the northern hemisphere. Generally, the development of offlapping or 59 

onlapping plastered drifts or the transition between the two termination patterns can be 60 

explained by changes in the depth of the relative deep base level and interpreted by 61 

changes in the flow regime. 62 
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1. Introduction 67 

The Atlantic meridional overturning circulation (AMOC) influences the North Atlantic 68 

hydrography, heat balance, and finally the climate in NW Europe (Schott et al., 1988; 69 

Molinari et al., 1990; Schmitz and Richardson, 1991; Nürnberg et al., 2008). The 70 

expansion of northern hemisphere ice shields at the beginning of the Mid-Pleistocene 71 

transition (MPT) ~920 ka BP (Mudelsee and Schulz, 1990) caused a significant climate 72 

change in NW Europe. The MPT ended with the establishment of the 100 kyr ice age 73 

cyclicity at ~640 ka BP, caused by orbital eccentricity changes (Pisias and Moore, 1981; 74 

Prell, 1982; Ruddiman et al., 1989) (Fig. 1). The reason for the 280 kyr delay of 100 kyr 75 

cyclicity remains enigmatic. The neglectable variability of orbital forcing cannot account 76 

alone for the dominance of 100 kyr-period oscillations in the climate system (Imbrie et 77 

al., 1993). 78 

Several proxys indicate significant changes in the deep-water circulation in association 79 

with the MPT (for an overview see Tachikawa et al., 2020, and references therein). 80 

Schmieder et al. (2000), for example, concluded from a high-resolution Pleistocene 81 

magnetic susceptibility time series from the subtropical South Atlantic that dissolution 82 

driven variations in carbonate accumulation were controlled by deep water circulation 83 

changes. They assumed that the MPT was a discrete state of the Pleistocene deep-84 

water circulation and climate system, terminated at ~540-530 ka. Nd isotope analysis by 85 

Pena and Goldstein (2014) pointed to a major disruption of the South Atlantic 86 

thermohaline circulation (THC) system during the MPT between Marine Isotope Stage 87 

(MIS) 25 and MIS 21 from ~950 to ~860 ka BP, with a significant weakening during MIS 88 

23 (~900 ka BP). After the MPT, the glacial deep-water circulation continued to remain 89 

relatively weak during the glacials. Kim et al. (2021) also used Nd isotopes to confirm 90 

this interpretation for the North Atlantic, proving that this “MPT-AMOC crisis” occurred 91 

basin wide. Pena and Goldstein (2014) stated that the MPT ocean circulation crisis 92 

facilitated the coeval drawdown of atmospheric CO2 (Hönisch et al., 2009) and 93 

subsequent high-latitude ice sheet buildup. Kaiser et al. (2019) concluded on enhanced 94 

northward advection of warm water during MIS 22 to 21 by interpreting the coiling 95 

direction of planktic foraminifer.  96 
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 97 

 98 

Fig. 1: Chronology of the Mid-Pleistocene climate transition (after Schmieder et al. 99 

2000). Shift in mean and lagged onset of 100 kyr cyclicity of global ice volume (a) 100 

reflected in the stacked δ18O global reference record (Lisiecki and Raymo, 2005) and 101 

(b) schematic view of the Mid-Pleistocene Climate Transition schematized after 102 

Mudelsee and Schulz (1997).  103 

 104 

The Loop Current (LC), a prominent component of both the western boundary current 105 

system of the North Atlantic and the basin- to global-scale meridional overturning system 106 

dominates the surface and subsurface circulation in the Yucatan Strait and the Gulf of 107 

Mexico (Sturges and Evans, 1983; Zavala-Hidalgo et al., 2006) (Fig. 2a). The LC exits 108 

the Gulf of Mexico through the Florida Straits before entering the North Atlantic (Johns 109 
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et al., 2002; Ezer et al., 2003; Oey et al., 2003; Oey 2004). As part of the Gulf Stream 110 

system, the LC represents a key element of the AMOC.  111 

 112 

 113 

 114 

Fig. 2: (a) Bathymetric map of southern Gulf of Mexico with adjacent Yucatan and Florida 115 

straits. The red lines indicate the simplified Loop Current during different seasons. Thin 116 

white line indicates M94 track (Hübscher et al., 2013). CIC = Chicxulub impact crater 117 

(Paull et al., 2014). (b) M94 cruise track (white lines), core sites (star symbols) and 118 

seismic profiles 3-8 (yellow lines), which correspond to the figures 3-8. Isobaths are 119 

plotted at 100 m intervals. PC = piston core; PS = Parasound. Bathymetric dataset: 120 

ETOPO1 (Amante et al., 2009). 121 

 122 

Hübscher et al. (2010) studied the impact of LC-related bottom currents on the upper 123 

slope sediments of the north-eastern Campeche Bank, Gulf of Mexico (Figs. 2a, 3). 124 

Sediment subbottom profiler data revealed a prominent unconformity (or disconformity) 125 

in water depth between 600 and ~680 m depth. They concluded that the transition from 126 

wavy reflection patterns in the lower succession to parallel planar reflections above, 127 

separated by a prominent unconformity, was caused by a change in LC strength at 128 

intermediate water depths. At that time, the lack of chronological constraints did not allow 129 

to unequivocally link LC variability to climate change. 130 

This study is motivated by the validation of the working hypothesis that the inferred LC 131 

variability is related to the MPT and that a close relationship exists between changes in 132 
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THC strength (Fig. 1) and LC vigor (i.e. Hübscher et al., 2010). The data and samples 133 

were collected during RV METEOR expedition M94 in 2013 (Hübscher et al., 2014). 134 

Parametric sediment sub-bottom profiler transects and piston cores collected along the 135 

Campeche Bank (Fig. 2b) allow a detailed view on the temporal and spatial development 136 

of the unconformity initially described by Hübscher et al., (2010) and hence, the evolution 137 

of the Yucatan Strait throughflow since the MPT. 138 

 139 

2. Regional Setting  140 

The Gulf of Mexico is a semi-enclosed basin, which is framed by wide and shallow 141 

intertidal shelf areas (<20 m water depth; Fig. 2a). The study area is the north-eastern 142 

and eastern Campeche Bank. This massive and broad carbonate bank located north of 143 

the Yucatan Peninsula evolved until the mid-Cretaceous (Ordonez, 1936), and appears 144 

geologically similar to the southern Florida platform (e.g., Antoine and Ewing, 1963; 145 

Uchupi and Emery, 1968). Paull et al. (2014) related a steep cliff at the lower escarpment 146 

of the northern Campeche Bank to the Chicxulub impact close to the Cretaceous–147 

Paleogene (K-Pg) transition. The joint interpretation of bathymetric maps and seismic 148 

data provided a clear line of evidence that the impact caused catastrophic mass wasting 149 

at the continental shelf adjacent to the escarpment due to the ground shaking.  150 

Some general conclusions about sedimentation pattern on the eastern Campeche Bank 151 

since the K-Pg boundary can be derived from the western Florida shelf. Building on 152 

Mullins et al. (1987; 1988), Gardulski et al. (1991) explain the depositional patterns there 153 

by the amplification of the LC since the middle to late Miocene by the closure of the 154 

Panama Isthmus. For a detailed discussion of different time constrains for the closure 155 

see O´Dea et al. (2016) and references therein. 156 

Near-surface sediments at the north-eastern Campeche Bank and the western Florida 157 

Slope consist mainly of calcareous ooze with >75 % of carbonate (Balsam and Beeson 158 

2003; Hübscher et al., 2014), being shaped by the different currents in the Yucatan 159 

Channel between Yucatan and Cuba. Regarding the northbound flow, Sheinbaum et al. 160 

(2002) distinguished between the northward flowing northerly surface Yucatan Current 161 

and its southerly under-current off Mexico, and the southerly surface Cuban Counter-162 

current near Cuba. Within the Gulf of Mexico, the ocean current system is termed LC. 163 

Paleoceanographic proxy records from the area reveal a close relationship between the 164 

LC dynamics, marine productivity, sea-surface temperature and salinity, and Mississippi 165 
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discharge on centennial to orbital timescales (Emiliani, 1975; Gardulski et al., 1990; 166 

Nürnberg et al., 2008, 2015; Ziegler et al., 2008; Kujau et al., 2010). 167 

 168 

 169 

 170 

Fig. 3: (a) Parasound profile 3 collected during RV Meteor expedition M78/1 (Hübscher 171 

and Pulm, 2009) from eastern Campeche Bank (Hübscher et al., 2010) with location of 172 

piston core M94-482 PC. Core length has been calculated with a sound velocity of 1.5 173 

m/ms, which might be too low (see chapter 5 for discussion). (b) Bathymetric map of 174 

study area (see also Fig. 2b) (c) Flattened profile of lower eastern Campeche Bank slope 175 

(for explanation see Chapter 3). CWC = Cold-water coral; MPU = Mid-Pleistocene 176 

Unconformity; MPC = Mid-Pleistocene Correlated Conformity (MPC); VE = vertical 177 

exaggeration. 178 

 179 

Based on studies by Merino (1997), Rivas et al. (2005) and Hebbeln et al. (2014), Matos 180 

et al. (2017) characterized the local oceanography by five water masses. The Caribbean 181 

Surface Water (CSW) is transported northward at depths shallower than ~80 m. Below, 182 

a salinity maximum at ~100–160 m water depth characterizes the core of the Subtropical 183 

Intermediate Water. The Tropical Atlantic Central Water (TACW) exhibits an oxygen 184 
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minimum at ~500 m water depth. The salinity minimum identifies the upper boundary of 185 

the Antarctic Intermediate Water (AAIW) at ~540 m water depth. The North Atlantic Deep 186 

Water (NADW) is present at water depths deeper than 1000 m. 187 

Hübscher et al. (2010) discovered a Cold Water Coral (CWC) province along the north-188 

eastern Campeche Bank (Fig. 3), mainly composed of Enallopsammia profunda–189 

Lophelia pertusa, which was subsequently mapped in detail between 23°47’N and 190 

23°54’N (Hebbeln et al., 2014; Matos et al., 2017). The Campeche CWC province is 191 

affected by the SE-NW directed LC (Fig. 1), which is strongest at surface (< 130 m water 192 

depth; 74–83 cm/s), while its eddies reach much deeper water (Hebbeln et al., 2014). At 193 

water depths of ~500-600 m, the prominent Campeche CWC mounds occur, enduring 194 

bottom velocities of ~30 cm/s (Hebbeln et al., 2014). A strong density gradient described 195 

at ~520–540 m is attributed to the boundary (pycnocline) between TACW and AAIW 196 

(Matos et al., 2017). Based on observed undulating isotherms, Hebbeln et al. (2014) 197 

hypothesized the presence of internal waves in that water depth. According to Matos et 198 

al. (2017), the pycnocline was absent during the glacial time periods of substantially 199 

lowered sea level. 200 

The Gulf of Mexico as the northern part of the western Atlantic warm water pool is an 201 

important oceanic heat source, providing ocean heat towards the North Atlantic via the 202 

Gulf Stream System, thus acting as a key area in the global climate system. The LC as 203 

part of the Gulf Stream system dominates the surface and subsurface flow in the Gulf of 204 

Mexico (Sturges and Evans, 1983; Zavala-Hidalgo et al., 2006) (Fig. 2a). It comprises 205 

warm tropical waters that flow from the Caribbean into the Gulf through the Yucatan 206 

Channel and some distance towards the north, before shedding anticyclonic eddies 207 

(e.g., Oey, 2008, and references therein). The northward flow is compensated by a deep 208 

southbound counter flow into the Caribbean on both western and eastern lower slopes 209 

of the Yucatan Strait (Sheinbaum et al., 2002). 210 

Two endmember modes characterize the northward extension of the LC. During 211 

summer, when the warm surface-water flow through the Yucatan Channel is enhanced, 212 

the LC may even reach the Mississippi river delta (Wiseman and Dinnel, 1988; 213 

Sheinbaum et al., 2002), thereby warming up the western and northern Gulf areas 214 

(Brunner et al., 1984). During winter, the LC flows almost directly from the Yucatan 215 

Channel to Florida Strait. During this phase, the northern Gulf remains rather unaffected 216 

by warm tropical surface water from the Caribbean. According to Ezer et al. (2003), the 217 
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through-flow fluctuations in the Yucatan Channel largely correlate with the northward 218 

spreading of the LC. 219 

 220 

3. Material and Methods 221 

3.1 Bathymetry 222 

Bathymetric measurements were carried out mainly with the hull mounted SIMRAD 223 

EM122 multi-beam system (Hübscher et al., 2014). This system emits periodically a 224 

swath of 256 preformed beams with signal frequencies of 12 kHz. The usable footprint 225 

of a single emitted swath perpendicular to the ship’s heading has a width of larger than 226 

three times of the water depth. Due to the shallow water depth and the large distances 227 

between the profiles, the ETOPO1 data set (Amante et al., 2009) was used for the 228 

overview maps in Fig. 2 as well as for the insert maps of the seismic imagery. 229 

 230 

3.2 Seismic imagery 231 

The parametric sediment sub-bottom profiler (Parasound) system (PS) can be 232 

considered as a very high-resolution single channel seismic system. The Parasound 233 

emits two frequencies of 18 and 22 kHz (see Hübscher et al., 2010, and references there 234 

in). The parametric effect creates a narrow beam 4 kHz and 40 kHz signal within an 235 

opening angle of 4.5°. The sampling frequency of the raw data is 96 kHz. In opposite to, 236 

e.g., airgun seismics, the wavelet is released as “pulse trains”. This means that follow-237 

up wavelets are emitted before a sea floor reflection has returned to the transducer. 238 

Therefore, sea floor multiples do not necessarily correspond to twice the two-way travel 239 

time (TWT) of the sea floor reflection, as known from conventional seismic. The 4 kHz 240 

signal reveals a wave length of ~0.4 m. Depending on the acoustic impedance of the 241 

sediments near the sea floor, the Parasound signal penetrates several tens of meters 242 

into the sea floor and allows the resolution of layers with a thickness of very few tens of 243 

centimeters. Further details on the method can be found in the Supplementary Material. 244 

All Parasound profile are labeled with a water depth calculated with a rounded velocity 245 

of an acoustic wave in water (1500 m/s), so the water depth is reasonably correct. It 246 

seems likely, that the velocity increases slightly with depth due to compaction, so the 247 

thickness of sedimentary layers is presumably underestimated and the deviation 248 

increases with burial depth and compaction. The depth to reflections below sea floor are 249 

calculated with a velocity of 1500 m/s to sea floor and 1500-1800 m/s below sea floor. 250 

Those depth values are named “total depth”, are rounded to full 5 m and the uncertainty 251 
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is estimated to be ± 5m, which is good enough for the discussion in this study. 252 

Stratigraphic correlation between individual profiles was done with KINGDOM software 253 

by IHS Markit. 254 

Fig. 2b shows the M94 cruise track with the accomplished Parasound profiles, as well 255 

as the core sites. The profiles stretch for ~150 km across the northern Campeche Bank. 256 

Due to the lack in signal penetration, the profiles further south do not contribute to this 257 

study. 258 

 259 

 260 

Fig. 4: (a) Parasound profile 4 (thick black line in b) with red line marking the Mid-261 

Pleistocene Unconformity (MPU), which transforms into the correlated conformity 262 

(MPC). Piston core locations M94-480 PC and -481 PC and penetration depth are 263 

indicated. A black arrow marks the cross-point with profile 5 at site M94-480 PC. Core 264 

length calculated with 1.8 m/ms (see chapter 5 for discussion). For location see (b). (c) 265 

Flattened Parasound profile in detail. Blue arrows mark pockmarks. Note that the up-266 

warping of the reflections at the north-eastern end of the flattened profile results from 267 

the truncation at the head scarp only. (d) Multi-beam (SIMRAD EM122) data showing 268 

pockmarks and moat along the head scarp. VE = vertical exaggeration. 269 

 270 

3.3 Core sites 271 

During research cruise M94, piston corers (PC) with core barrel lengths between 10 and 272 

20 m were run. Although sea floor sediments were extremely hard to penetrate, and ship 273 
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maneuvering was difficult due to up to 4 kn current speed, three deployments along the 274 

profile in Fig. 2 were successful.  275 

Cores M94-480 PC and M94-481 PC were taken along the SW-NE striking profile 5, 276 

which well reflects the sedimentary features known from the M78/1 campaign (Hübscher 277 

et al., 2010; Fig. 3). Piston core M94-480 PC (23°48.141N 87°0.868W) was recovered 278 

from intermediate depths (~730 m) from the northeastern Campeche Bank penetrating 279 

the layered sequence of coarse to middle foraminiferal oozes, which become finer at 280 

greater depth (Fig. 4). Core recovery was ~12.2 m revealing undisturbed sediments of 281 

excellent quality (Appendix 2). Core M94-480 PC ended up in a horizon that reveals 282 

pockmarks (Fig. 4c). 283 

The second 2.5 m long piston corer M94-481 PC (23°39.997N 87°7.284W) from the 284 

northern Campeche Bank transect is from ~521 m water depth, located in the mounded 285 

Campeche CWC complex (Fig. 4a). Core M94-481 PC mainly consists of an intercalated 286 

sequence of light foraminiferal ooze and sand, and darker foraminifera-rich 287 

shale/mudstone, reflecting glacial/interglacial-related sedimentological changes. Below 288 

this sequence at ~2.3 m core depth, the lithology changes into a very coarse-grained, 289 

diagenetically concreted sediment with sand-sized grains cemented into even larger 290 

particles ranging from a few millimeters to several centimeter. Large brachiopods up to 291 

2-3 cm in length are abundant. The contact to the upper sediment is sharp.  292 

The third piston core M94-482 PC (23°49.155N 87°7.752 W; ~7.8 m core recovery) was 293 

retrieved from ~630 m water depth, on the profile accomplished during M78 by Hübscher 294 

et al. (2010) (Fig. 3). Core M94-482 PC reveals the same sedimentary sequences as 295 

core M94-480 PC (Appendix 2), with a better preservation of the uppermost sediments. 296 

 297 

3.4 Shipboard Core Logging: MINOLTA Color-Scanning 298 

The MINOLTA CM-600d hand-held spectrophotometer was used onboard for color 299 

scanning of the freshly recovered sediment cores. The measurement of the light 300 

reflectance was done on the sediment surfaces of opened core sections. Routinely, the 301 

reflection data and standard color measurements were taken at 1 cm steps and were 302 

automatically recorded and processed by the software MINOLTA SpectraMagic v.2.3. 303 

The data are displayed in the L*, a* and b* CIELAB color coordinates. The L*-value 304 

represents brightness on a non-linear scale and can be directly correlated to grey value 305 

measurements. The a*-values indicate the relationship between green and magenta and 306 
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the b*-value reflects blue/yellow colors. Further details on the method can be found in 307 

the Supplementary Material. 308 

 309 

3.5 Foraminiferal Stable Oxygen and Carbon Isotopes 310 

Stable oxygen (18O) isotope analyses were performed on a ThermoScientific MAT 253 311 

mass spectrometer with an automated Kiel IV Carbonate Preparation Device at 312 

GEOMAR. The isotope values are calibrated versus the NBS19 (National Bureau of 313 

standards) carbonate standard and an in-house standard (“Standard Bremen”). Isotope 314 

values presented in the delta-notation are reported in permil (‰) relative to the VPDB 315 

(Vienna Peedee Belemnite) scale. The analytic precision is 0.06‰ for δ18O and <0.03‰ 316 

for δ13C. 317 

δ18O measurements were made at 5 cm sample spacing for cores M84-480 and 482, 318 

and 2-3 cm sample spacing for core M84-481. δ18O measurements were made on 2–3 319 

specimens of the endobenthic foraminiferal species Uvigerina spp. from the 250–500 320 

µm size fraction. The size fraction was chosen to eliminate redeposited tests of smaller 321 

specimens that may cause a bias of the benthic isotope signal (Lutze et al., 1979). 322 

According to Shackleton and Hall (1984), Uvigerina δ18O values appear to be in 323 

equilibrium with seawater 18O. 324 

Additionally,  δ18O measurements were made on ~6 specimens of the planktonic 325 

foraminiferal species Globigerinoides ruber (white). The specimens are taken from the 326 

narrow-spaced size 355-400 µm size fraction in order to prevent bias due to ontogenetic 327 

variations (Lin et al., 1997). Due to its nearly uniform annual occurrence (Tedesco and 328 

Thunell, 2003), G. ruber shells are a standard tool for reconstructing past oceanic 329 

surface hydrography conditions, especially for glacial/interglacial changes in low-330 

latitudes (Flower et al., 2004; Reissig et al., 2019; Nürnberg et al., 2021). 331 

 332 

3.6 87Sr/86Sr Method 333 

Sr isotope ratios (87Sr/86Sr) of a brachiopod shell remain and enclosed residual sediment 334 

were determined by thermal ionization mass spectrometry (TIMS, TRITON, 335 

ThermoFisher Scientific) at GEOMAR. Additionally, on mm scale two distinct spots of 336 

the consolidated, underlying and shell-attached residual sediment were sub-sampled 337 

directly as powder with a diamond dental driller. All three samples dissolved completely 338 

in 2.25 N HNO3 without siliciclastic remains. Further details on sample preparation can 339 

be found in the Supplementary Material. 340 
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Under clean lab conditions they were dried down and the actual SrSpec resin (Eichrom 341 

Technologies) based extraction, purification and measurement routines described in 342 

Schmidt et al. (2019) were applied. The measured isotope ratios were session specific 343 

normalized to the NIST SRM 987 value of 0.710248 according to Howarth and McArthur 344 

(2004) at a repeatability of ± 0.000006 (2SD, n=2). Potential influences of 87Rb 345 

interferences on 87Sr/86Sr isotope ratios were eliminated by combining the highly 346 

selective Sr-Spec resin and Rb/Sr-discriminating TIMS preheating procedures with the 347 

static mode measurement of 85Rb simultaneously with the Sr masses 84, 86, 87, and 88 348 

for optional Rb/Sr corrections. As performance monitor an aliquot of the IAPSO seawater 349 

standard accompanied the whole procedure and resulted in 0.709173 ± 0.000008 (2 350 

SEM) and acceptable accordance to a reference value of 0.709175 for modern seawater 351 

(Howarth and McArthur, 2004). 352 

 353 

4. Results 354 

4.1 Bathymetry 355 

The Campeche Bank plateau reveals water depths of less than 100 m and a dip angle 356 

of <0.2° (Fig. 2). The 100 m and 200 m depth contours along the eastern bank form a 357 

nearly 200 km long arcuate terrain step with slope values up to 3°. As indicated by the 358 

increasing distance between the isobaths (Fig. 2b), the slope is flattened in water depth 359 

between 300 m and 600 m. In contrast to the 100 m and 200 m isobaths, the 600 m to 360 

1000 m isobaths are convex-shaped downslope. 361 

 362 

4.2 Seismic imagery 363 

The Parasound profile 3 (Fig. 3) is a re-processed version of the data that were shown 364 

and described by Hübscher et al. (2010; their Fig. 9). In water depth above 520 m, the 365 

strong sea floor reflection allows no signal penetration. Further downslope, the 366 

pronounced seafloor mounds (~520-600 m water depth) are attributed to the CWC 367 

(Lophelia). As already mentioned by Hübscher et al. (2010), an unconformity and 368 

correlated conformity separates wavy reflections beneath from sub-parallel strata above. 369 

According to the hypothesis to be tested, the unconformity developed in the middle 370 

Pleistocene we adopt the following terminology (Fig. 3): (Fig. 3): MPU = Mid Pleistocene 371 

Unconformity; MPC = Mid Pleistocene Correlated Conformity, and MPU/C = the 372 

combined seismic interface. 373 



14 
 

The most basin-ward toplap beneath the MPU/C in a present-day water depth of ~660 374 

m and 680±5 m total depth marks the lateral transition from MPU to MPC. In a total 375 

depth of ~655 m, the lowermost reflection above the MPU onlaps against it. In the 376 

flattened profile (Fig. 3c), the onlap appears as a downlap. 377 

 378 

 379 

 380 

Fig. 5: (a) Parasound profile 5 and (b) according line drawing. Red line in (b) marks Mid-381 

Pleistocene Unconformity and correlated conformity (MPU/C). PC480 labels piston core 382 

M94-480 PC, which is also the cross-point (black arrow) with the Parasound profile 4. 383 

Core length calculated with 1.8 m/ms (see chapter 5 for discussion). The cross-point 384 

with the Parasound profile 6 (black arrow to the right) is at the southeastern end of the 385 

profile. Note the southeastward amplitude decrease (ad) of reflections beneath ~12 m 386 

in the middle of the profile. VE = vertical exaggeration. 387 

 388 

In order to link the new data from the M94 campaign to observations made by Hübscher 389 

et al. (2010) during the M78 expedition, the northernmost M94-profile 4 (Fig. 4) crosses 390 

the M78-profile 3, striking SW-NE and perpendicular to the continental slope. Stratified 391 

sediment sequences are evident below a water depth of ~520 m. Laterally traceable 392 

sediments are present only below ~570 m water depth. A head scarp at ~750 m water 393 

depth limits the occurrence of these deposits further downslope. As in profile 3, the MPU 394 

changes to the MPC at ~660 m water depth and 685±5 m total depth. The layers below 395 

the MPU/C and approximately the lower half of the sedimentary sequence above reflect 396 

rather diffusely. In contrast, the reflection horizons in the upper half are sharp and 397 



15 
 

continuous. Also similar to profile 3, the lowermost reflection horizon above the MTU 398 

onlaps the unconformity. Lateral thickness variations become less moving upslope. 399 

Circular fluid escape structures (pockmarks) are present on the sea floor and on buried 400 

strata (Figs. 4c, d). Above the scarp, pockmarks at the seafloor reveal depths of up to 401 

~40 m and diameters of ~200–260 m. Below the scarp, the pockmarks are elongated 402 

(Fig. 4d). Cross-sections of the buried pockmarks can be seen best in the flattened 403 

profile (Fig. 4c) and along a reflection horizon with an enhanced reflection amplitude. A 404 

moat channel runs in front of the scarp.  405 

 406 

 407 

 408 

Fig. 6: (a) Parasound profile 6 running perpendicular to the continental slope. For 409 

location see insert map (b). Red line = Mid-Pleistocene Unconformity (MPU) and 410 

Correlated Conformity (MPC). Black arrow = cross-point with profile 5. (c) Flattened 411 

profile. Red arrows = onlaps and downlaps. (d) Line drawing with interpreted sea level 412 

highstand (dark blue), lowstand deposits (light blue) and suggested correlation with 413 

MIS. (e) Enlargement from upper slope. VE = vertical exaggeration. 414 

The almost 50 km long Parasound profile 5 runs in water depths of ~705-740 m almost 415 

parallel to the bathymetric contour and rather perpendicular to Parasound profiles 3 and 416 

4. The reflections are divergent to the southeast. Reflection terminations against MPU/C 417 

are not visible. The reflection amplitudes of the MPU/C abruptly decrease towards the 418 

SE, which occurs approximately, where the slope gradient flattens between 100 and 500 419 
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m water depth (Fig. 2b). The same applies to reflections in the lower half of the overlying 420 

layers. Reflections beneath the MPU/C are wavy and diverge southwards. Reflections 421 

directly above the MPU/C are also wavy. In a depth of ca. 12 m beneath the sea floor, 422 

reflection coefficients and thickness undulations generally decrease towards the SE.  423 

The dip profile 6 is 45 km long and reveals a reflection pattern similar to profiles 3 and 424 

4, which are30-40 km further north. Resolvable strata start to occur below 500 m water 425 

depth. The MPC could be stratigraphically linked to profile 3 and 4 by strike profile 5. In 426 

addition, the lowermost or most basin ward toplap marks the transition from the MPU to 427 

the MPC at ~680 m water depth and 710±5 m total depth. As seen best in the flattened 428 

profile (Fig. 6c), several onlap and downlap terminations are present above the MPU. 429 

The identification of reflection terminations allows recognizing 13 individual depositional 430 

units above the MPU, all marked in blue. Seven units onlap the MPU (dark blue), the 431 

other six are intercalated (light blue). In the shallower part (510-520 m water depth), the 432 

MPU separates reflections of low amplitude (below) from those with higher amplitudes. 433 

The blow-up in Fig. 6e elucidates the wavy truncation along the MPU. 434 

 435 

 436 

Fig. 7: (a) Parasound profile 7 almost parallel to the contour. (b) The profile 7 is too short 437 

to be resolved in the insert map. It runs almost parallel to the slope. The black triangle 438 

marks, where the profile stops at profile 8. Red line = Mid-Pleistocene Unconformity 439 

(MPU). Red arrows = wavy horizons and suggested correlation with MIS. VE = vertical 440 

exaggeration.  441 

 442 

The overburden of the MPU condenses seventy kilometers further to the south, as 443 

shown in the blow-up of the NNW-SSE-striking profile 7. The sea floor and the 444 

uppermost less than a meter-thick unit is wavy, and so are six further units above the 445 

MPU. Between the uppermost and the 2nd wavy unit an approximately 8 m thick unit with 446 

parallel and continuous reflections is present. 447 
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The southernmost dip profile 8 elucidates the slope deposits where the dip angle of the 448 

upper slope is minimal (~0.5°) (Fig. 8a, b). The transition from MTC to MTU occurs ca. 449 

at 630 m water depth and 660±5 m total depth. The imaged strata below form oblique 450 

clinoforms, which are thickest at ~750 m water depth. The resolved strata toplap against 451 

the MPU upslope and converged further downslope. A diffusely reflecting layer a few 452 

meters thick, whose internal structure cannot be resolved, overlies the MPU upslope 453 

from about 600 m water depth. Younger units onlap against this diffusely reflecting layer 454 

but terminate upslope at ca. 520 m. Generally and along the entire profile, the strata 455 

overlying the MPU/C represent sigmoidal clinoforms. The lowermost clinoform onlaps 456 

the MPU at 600 m water depth and ca. 20 m beneath sea floor. At the upper slope, 457 

prograding sigmoidal clinoforms truncated in water depths shallower than 400 m (Fig. 458 

8d). 459 

 460 

461 

Fig. 8: (a) Parasound profile 8. Red line = Mid-Pleistocene Unconformity (MPU) and 462 

Correlated Conformity (MPC). Black arrow = cross-point with profile 7. For location see 463 

insert map (b). (c) Flattened profile with red arrows marking toplap terminations. The 464 

signal to noise ratio of internal reflection amplitudes is rather small. In order to identify 465 

reflection terminations and to distinguish between the MPU and the MPC, the grey scale 466 

colors are inverted. (d) Upslope prolongation of (a). Note the sea floor “pulse-train” 467 

multiple (see chapter 3.2 for explanation) and the different vertical exaggeration (VE) 468 

compared to (a).  469 

 470 
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4.3 Chronostratigraphy of sediment cores 471 

The stratigraphic framework of cores M94-480 PC, -481 PC and -482 PC is based on a 472 

combination of stable oxygen isotope stratigraphy, orbital tuning, core correlation of 473 

sediment color data, and 87Sr/86Sr radiometric dating.  474 

 475 

4.3.1 Strontium isotopes 476 

The determined 87Sr/86Sr ratios of 0.709168 (± 0.000008) for the brachiopod shell 477 

fragment and the nearly identical values of 0.709157 (± 0.000009) and 0.709159 (± 478 

0.000009) for the underlying residual sediment overlap within uncertainty. Especially 479 

taking into account the extreme similarity of the two latter implies a systematic difference 480 

to the shell fragment. Note, the given uncertainties include the propagation of the 481 

normalization repeatability (2SD level) on the 2 SEM uncertainty of the single sample 482 

measurements. 483 

 484 

Table 1: Transfer of 87Sr/86Sr ratios into mean SIS ages and uncertainties. Numbers in 485 

brackets refer to the following remarks: (1) Brachiopd samples all from M94-481-PC. (2) 486 

87Sr/86Sr normalized on NIST-SRM-987 ratio of 0.710248 according to Howarth and 487 

McArthur (2004). (3) Uncertainty applied for SIS age range determination based on 488 

propagation of normalization 2 SD on measurement 2 SEM. (3) 0.709175 reference 489 

values for modern seawater according Howarth and McArthur (2004). 490 

    SIS-

Look-

up 

2004 

min 

age 

max 

age 

Sample ident (1) lab code  87Sr/86Sr 

(2)  

± (3) 

x 10-5 

mean 

age 

(Ma) 

(Ma) (Ma) 

Brachiopod-enclosed matrix 1 207-13 0.709157 0.9 0.59 0.28 0.83 

Brachiopod-enclosed matrix 2 208-13 0.709159 0.9 0.55 0.23 0.78 

Brachiopod-shell2 209-13 0.709168 0.8 0.26 recent 0.57 

(3) IAPSO-modern seawater 

std. 

session-rel. 0.709173 0.8    

NIST SRM-987: of session / 

n=2 / 2 SD 

session-rel.  0.710248 0.6    

 491 
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 492 

Fig. 9. Chronostratigraphy of core M94-480 PC from Yucatan Strait, 23°48.141N 493 

87°0.868W, 730 m water depth. Bottom: Benthic stable oxygen isotope record (δ18O in 494 

‰ VPDB) over the last ~360 kyr. The stratigraphic framework is based on tuning the 495 

benthic δ18OU.peregrina record to the global benthic reference stack LR04 (Lisiecki and 496 

Raymo, 2005). Green vertical lines mark tie lines between both records. Further support 497 

of the age model comes from the tight match to the benthic δ18OU.peregrina record of core 498 

MD02-2575 from the northern Gulf of Mexico, for which a strong response to cyclic 499 

fluctuations in Earth’s precession and obliquity was proven (Nürnberg et al., 2008). 500 

Middle: Planktonic δ18OG.ruber record (in ‰ VPDB) of core M84-480 PC. Top: Coarse 501 

grain fraction (>63 µm) and high resolution a*-record of core M94-480 reflecting the 502 

relationship between green and magenta, which is used to establish the age model for 503 

adjacent core M94-482 PC. Interglacial periods are shaded and marine oxygen isotope 504 

stages (MIS) are indicated by black numbers.  505 

 506 

In order to extract potential age information from these marine carbonates the strontium 507 

isotope stratigraphy (SIS) approach according to Howarth and McArthur (2004) and the 508 
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given data base therein is applied. Table 1 provides the transfer of 87Sr/86Sr ratios into 509 

mean SIS ages and of their uncertainties into asymmetric age ranges. The latter are 510 

unfortunately large for the context of this study due to the shallow slope of marine Sr 511 

isotope evolution in the related time interval.  512 

 513 

 514 

 515 

Fig. 10. (a) The B-Tukey frequency spectra of the different proxy data point to orbital 516 

forcing. Most pronounced cyclicities of 40 kyr and 23 kyr as a response to cyclic 517 

fluctuations in the Earth’s orbital parameters obliquity and precession occur in the 518 

benthic δ18OU.peregrina record (light blue). The frequency spectra of color a* variations in 519 

cores M94-480 PC (green) and M94-482 PC (orange) are less distinct due to the blurry 520 

character of the color records. (b) Depth/age diagrams for cores M94-480 PC (blue), -521 

481 PC (orange), and -482 PC (pink) revealing decreasing sedimentation rates with 522 

decreasing water depths on the western slope of Yucatan Strait.  523 

 524 

From the determined 87Sr/86Sr ratios, a maximum age of 0.83 Ma is implied for the hiatus 525 

and the related MPU as observed in the seismic imagery. The residual structure of this 526 

enclosed carbonate sediment matrix is dating the shielding brachiopod to be syn- to 527 

post-hiatus emplaced. Therefore, its SIS systematic indicates a maximum age of 0.57 528 

Ma for the re-occurrence of a depositional regime and its sediment record investigated 529 

in this study. Consequently, this age represents also the set point for estimates of the 530 

minimum duration of the hiatus (0.83-0.57 Ma), which falls into the MPT. 531 

 532 

4.3.2 Oxygen isotope stratigraphy and core correlation of sediment color data 533 

The chronostratigraphy of core M94-480 PC is based on the graphic correlation of the 534 

benthic δ18O curve (Uvigerina spp.) with the stacked δ18O reference record (LR04) of 535 
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Lisiecki and Raymo (2005) using the software AnalySeries (Paillard et al., 1996; Fig. 9). 536 

Twelve tie lines were used to tie the benthic δ18O record to the reference record. The 537 

correlation between LR04 and M94-480 PC is high (r2 = 0.7) and supports the 538 

established chronology. High benthic δ18O values commonly refer to glacial conditions. 539 

The marine oxygen isotope stages (MIS) were identified following the standard δ18O 540 

nomenclature proposed by Prell et al. (1986) and Tiedemann et al. (1994). 541 

 542 

 543 

Fig. 11. Chronostratigraphy of core M94-482 from Yucatan Strait, 23°49.155N 87°7.752 544 

W, 630 m water depth. Top: Visual correlation of the a*-record (red) to the a*-record of 545 

core M94-480 (gray), which serves as stratigraphically classified reference record (c.f. 546 

Fig. 9). Green vertical lines mark tie-lines between the records. Bottom: Further support 547 

of the age model in the youngest section comes from the correlation of the benthic 548 

δ18OU.peregrina record (orange) to reference sites MD02-2575 from the northern Gulf of 549 

Mexico (Nürnberg et al., 2008; gray) and LR04 (Lisiecki and Raymo, 2005; black). 550 

 551 

  552 
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 553 

 554 

Fig. 12. Chronostratigraphy of core M94-481 from Yucatan Strait, 23°39.997N 555 

87°7.284W, 521 m water depth. Bottom: Global benthic δ18O reference stack LR04 556 

(Lisiecki and Raymo, 2005; black). Middle: The stratigraphic framework is based on 557 

tuning the planktonic δ18OG.ruber record (in ‰ VPDB; orange) of core M84-481 to the 558 

global benthic δ18O reference stack LR04. Green vertical lines mark tie lines between 559 

the records. The correlation is largely supported by the benthic δ18OU.peregrina record of 560 

core M84-481 (blue). Top: L* and b*-records of core M84-481 reflecting 561 

glacial/interglacial changes from MIS1 to MIS11. A prominent disconformity is dated to 562 

~425ka BP (red dashed line). Below, the strongly lithified coarse-grained sediment 563 

contains large brachiopod shells dated with 87Sr/86Sr. 564 
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The stratigraphical framework of core M94-480 PC covers the last ~360 kyrs, showing 565 

typical glacial/interglacial δ18O variability and amplitudes in both the benthic and the 566 

planktonic (G. ruber) isotope records. The benthic δ18O record is further congruent to 567 

the benthic δ18O record of core MD02-2575 from the northern Gulf of Mexico (Nürnberg 568 

et al., 2008), for which a strong response to cyclic fluctuations in Earth’s orbital 569 

parameters was proven (Nürnberg et al., 2008). Similarly, the B-Tukey frequency 570 

spectrum of the core M94-480 benthic δ18O record reveals dominant cyclicities of 40 kyr 571 

and 23 kyr as a response to cyclic fluctuations in the Earth's orbital parameters obliquity 572 

and precession (Fig. 10). 573 

The glacial/interglacial pattern is not such obvious in the a*-record of core M94-480 (Fig. 574 

9), and the cyclicities of 40 kyr and 23 kyr are notable but not concise (Fig. 10). 575 

Nonetheless, the a*-record of core M94-480 is useful to establish a tight correlation to 576 

core M94-482 PC. 577 

For core M94-482 PC, we mainly used the highly variable a*-record as age constraint, 578 

as it is rather similar to the a*-record of the stratigraphically well-classified core M94-480 579 

PC. The visual correlation of both records afforded 7 tie-lines and resulted in a 580 

correlation with r2 = 0.5 (Fig. 11). Low a*-values mostly but not consistently relate to 581 

glacial time periods. Benthic δ18O across the uppermost 1.8 m of core M94-482 revealing 582 

a typical glacial/interglacial δ18O amplitude were visually correlated to the LR04 (Lisiecki 583 

and Raymo, 2005) and MD02-2575 (Nürnberg et al., 2008) reference records (Fig. 11), 584 

further supporting the established core chronology.  585 

The stratigraphical range of core M94-482 covers the last ~288 kyrs, showing 586 

glacial/interglacial variability in the sedimentary pattern. Due to the blurry character of 587 

the core M94-482 a*-record, the B-Tukey spectrum is not clear, although spectral 588 

maxima are close to 40 kyr and 23 kyr cyclicities (Fig. 10). 589 

For core M94-481 PC, the stratigraphic interpretation of the foraminiferal δ18O signal is 590 

challenging, because foraminifers are generally rare and partly absent in some core 591 

intervals. Also, the δ18O signals and amplitudes in planktonic and benthic foraminifers 592 

do not vary consistently. We visually tuned the δ18OG.ruber record of core M94-481 to the 593 

LR04 δ18O reference stack of Lisiecki and Raymo (2005), thereby applying 13 tie-lines 594 

and receiving a correlation of r2 = 0.6. Light foraminiferal δ18O values are consistently 595 

related to interglacial time periods. According to the resulting age model, the M94-481 596 

core covers glacial/interglacial changes from MIS1 to 11, with the prominent 597 

disconformity at 2.3 m core depth achieving an age of ~425 ka BP. This is consistent to 598 
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the 87Sr/86Sr age estimate of maximum 570 ka BP for a brachiopod shell from right below 599 

the disconformity. 600 

The age-depth relationships for cores M94-480 PC and -482 PC appear continuous and 601 

without significant disturbances. The average sedimentation rate is ~3+1 cm/kyr, being 602 

slightly higher in the deeper core M94-480 PC. Considerably lower sedimentation rates 603 

of 0.6+0.3 cm/kyr are reconstructed for core M94-481 PC. This is the shallowest and 604 

shortest core, but reaches farthest back in time.  605 

 606 

4.3.3 Core-seismic integration 607 

The age of the MPU/C can in principle be estimated by extrapolation of the previously 608 

determined sedimentation rates, provided that the age-depth function can be applied to 609 

the Parasound data. However, the rounded sound velocity of water (1500 m/s) usually 610 

used in all profile figures cannot simply be transferred to the sediment cores for accurate 611 

extrapolation. For the integration of stratigraphical core and Parasound information, we 612 

assume that the relative changes in the coarse (grain) fraction in sediment core M94-613 

480 PC cause the acoustic impedance contrasts. The coarse fraction >63 µm from core 614 

M94-480 PC was determined approximately every 5 centimeters (top Fig. 9). Each value 615 

was then assigned an age, based on the chronostratigraphy established in Fig. 9 (c.f. 616 

Fig. 10b). In order to constrain the correlation between relative seismic reflection 617 

amplitudes with assumed acoustic impedance changes, the vertical gradient of the 618 

coarse fraction was further determined by calculating the difference between adjacent 619 

samples. 620 

In Fig. 13a, the coarse fraction gradient is plotted against time and the LR04 δ18O 621 

reference record. For further consideration, it is unimportant whether the gradient is 622 

positive or negative, since the phase information of the Parasound data was not 623 

recorded. Because absolute values are not required for neither the coarse fraction 624 

gradient nor for δ18O values both sets of numbers were normalized. 625 

The further procedure assumes that the coarse fraction represents a proxy for the 626 

sediment density. In this case, the gradient of the coarse fraction is a proxy for the 627 

reflection coefficient. The higher the gradient, the higher the reflection coefficient. 628 

Consequently, the coarse fraction gradient should correlate with the reflection 629 

amplitudes in the Parasound data. Next, the age-depth function was converted into an 630 

age-twt function with various sound velocities. Since no further constrains were 631 
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available, the simple assumption of a constant velocity seemed to be the most 632 

reasonable approach. 633 

 634 

 635 

 636 

Fig. 13: (a) In the upper figure, the normalized gradient of the coarse fraction of sediment 637 

core M94-480 PC (Fig. 9) and the normalized LR04 δ18O reference record (Lisiecki and 638 

Raymo, 2005) are plotted vs. time and MIS. Odd MIS are indicated by grey background 639 

color. MIS substages after Railsback et al. (2015). In the lower figure, reflection 640 

amplitudes are correlated with these data. The conversion from age-to-depth (Fig. 10b) 641 

to age-to-TWT was performed with a constant sound of 1800 m/s. (b) Extrapolation of 642 

age-TWT function yields an age of the MPC between ~900 and 1050 ka BP. See text 643 

for discussion. 644 

 645 

When choosing a sound velocity of 1800 m/s, the top of the high amplitude reflection at 646 

6 ms and that at 10 ms TWT correlate quite well with the coarse fraction gradient at MIS 647 

4-5a, 6d, 7a and 8b/c (Fig. 13 a). Depth-conversion with 1800 m/s yields a maximum 648 

age of ca. 360 kyrs for the base of the core, which is congruent to the age that was 649 

estimated from the stratigraphic analysis of M94-480 PC (Fig. 9).  650 
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For the extrapolation of the core data down to the MPU/C we used sedimentation rates 651 

between 3 and 4 cm/kyr, because the sedimentation rate for the last 50,000 years in the 652 

lower core range (361-314 kyr) varied between these rates (Fig. 13b). As can be seen 653 

in Fig. 9, the coarse grain fraction is larger during the sea level highstands (interglacials) 654 

than during the lows (glacials). The number of changes between weakly and more 655 

reflective time intervals in the Parasound data roughly corresponds to the number of 656 

glacial/interglacial changes. 657 

 658 

5. Interpretation and Discussion 659 

5.1 Overall setting 660 

Generally, seaward concave, arcuate isobaths in the upslope domain in conjunction with 661 

convex isobaths further downslope are typical of headwalls or head scarps of mass 662 

transport complexes (MTC; e.g., Bull et al., 2009, and references there in). As there is 663 

much evidence that the Chicxulub impact on the northwestern Campeche Bank, western 664 

Florida shelf, and Texas coast resulted in large-scale mass remobilization (Paull et al. 665 

2014; Sanford et al., 2016, Pag 2017; 2022; Guzmán-Hidalgo et al., 2021), we suggest 666 

that the eastward concave, arcuate 100 m – 300 m isobaths represent the headwall 667 

domain of an about 150 km broad MTC (Fig. 1b). Consequently, the lobe shaped 600 m 668 

– 1000 m characterizes the top surface of the toe domain. Without any further seismic 669 

reflection data we unfortunately cannot rule out that the 100–300 m isobath represents 670 

the edge of, e.g., a back-stepping carbonate platform or rim reef. 671 

The convex shaped deposits downslope of the headwall and on top of the MTC can be 672 

considered as an infilling or plastered drift (Faugéres and Stow, 2008; Rebesco et al., 673 

2014), which Hübscher et al. (2010) already postulated for the western Florida Shelf. In 674 

addition, there is some local evidence for gas escape structures (surface and buried 675 

pockmarks; Fig. 4). Pockmarks in shallow deposits of carbonate platforms are generally 676 

rare, because the organic carbon content is always very low (Betzler et al., 2011, and 677 

references there in). If the pockmark result from expelling hydrocarbon fluids, the source 678 

rock should be below the carbonate platform, because any organic carbon content of 679 

the Campeche carbonate banks is not reported. Land et al. (1995) described circular 680 

structures with a hybrid genesis controlled by submarine fresh water discharge and 681 

carbonate dissolution along the Florida margin. Whether this offers a possible 682 

explanation for the pockmarks at Campeche Bank can only be clarified by geochemical 683 

analysis.  684 
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 685 

5.2 Geological age constrains 686 

The M94-480 PC core-seismic integration implied that at the core site the MPC is about 687 

28 m (calculated from 37 ms TWT and v=1.8 m/s) and consequently 688 

730 m + 28 m = 758 m beneath present day seafloor. Hence, deposition on the MPC 689 

started in that depth right before or during the early MPT (900-1050 Ma; MIS 23-24). 690 

The correlation between Parasound data, core derived age models and coarse fraction 691 

is built on simplified assumptions. Reflection amplitudes may be well related to 692 

carbonate lithification or cementation, compaction etc.. Those factors would also 693 

influence the sound velocity in the sediments. Therefore, the following discussion builds 694 

on the age estimation that the MPC coincides with the early MPT.  695 

The age constraints for M94-481 PC are less consistent. Sr-isotope analysis of M94-481 696 

PC samples (521 m water depth plus max. 2.3 m sediments) implies a maximum age of 697 

0.83 Ma for the top of the condensed section and onset of non-deposition (hiatus). When 698 

the deep base level was at shallower depth than  the core site since MIS15, 699 

sedimentation commenced. However, because of the insufficient vertical mapping of the 700 

MPC in the Parasound data, the exact assignment of the condensed layer to the MPC 701 

is unclear at this position and water depth. 702 

 703 

5.3 Geophysical age constrains (upper slope) 704 

A seismo-stratigraphic interpretation of Parasound profiles 6 and 7 further constrains the 705 

age of upper slope deposits. In profile 6 (Fig. 6), deposits above the MPU and in water 706 

depths of 500 m - 600 m can be divided into 15 alternating sequences, one of which 707 

alternately terminates against the MPU, and the one above it onlaps against the lower 708 

unit. Since the uppermost or youngest unit terminates against the MPU, this can be 709 

considered characteristic of highstand deposition. This interpretation would be 710 

consistent with the highstand shedding model (Schlager et al., 1994) and a relatively 711 

shallower base-level as a result of relative sea level. If the base-level drops during glacial 712 

and relative sea level lows, the depositional space shifts downslope. If this assignment 713 

of sedimentary units to glacial/interglacial cycles is correct, seven highstand units and 714 

six lowstand units can be identified (Fig. 6c, d). Consistently, the unit directly overlying 715 

the MPU would be assigned to MIS 15 and the MPU would be assigned to MIS 16. This 716 

corresponds to the Sr isotope age estimate.  717 
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As the uppermost unit of slope-parallel profile 7 (Fig. 7) is characterized by sediment 718 

waves, we conclude that these sediment waves are typical of sea level highstand 719 

conditions to the Holocene conditions. Up to seven wavy units, presumably dune fields, 720 

can be identified above the MPU. When these highstand deposits are assigned to 721 

interglacial MIS, it follows that the MPU formed during glacial MIS 16 and is overlain by 722 

interglacial MIS15 deposits. Consequently, a thicker than average (ca. 6-7 m) deposit 723 

would have been deposited here during MIS2-4. Betzler et al. (2014) observed similar 724 

dune fields or sediment waves at the western Great Bahamas Bank, the crests of which 725 

strike along the contours. In our study, the sediment waves are only observed locally in 726 

strike profile 7, which is why an interpretation as cyclic steps seems not appropriate.  727 

 728 

5.4 Deep base level control on MPU/C  729 

We need to address the issue how the transition from unconformity (MPU) to conformity 730 

(MPC) took place. Hübscher et al. (2010) explained the MPU in profile 3 (Fig. 3) by an 731 

abruptly strengthened bottom flow that eroded concordant layers. As Hübscher et al. 732 

(2010) already noted, a short-lived paleoceanographic event during the MPT is not yet 733 

documented. There is also no evidence for mass wasting, which could explain the MPU 734 

as a basal shear-surface (decollement) of a slump or slide. We hence argue that the 735 

onset of sedimentation further downslope is a function of both increasing current 736 

velocities and deep base level. The slightly decreasing sedimentation rates upslope can 737 

be explained by the faster surface currents and stronger erosional/winnowing 738 

processes. 739 

As summarized e.g. by Chen et al. (2019), strong deep-water bottom currents are often 740 

related to THC- or wind-driven currents (e.g., Rebesco, 2005), benthic storms (e.g., 741 

Gardner et al., 2017), intermittent mesoscale eddies (e.g., Liang and Thurnherr, 2011; 742 

Serra et al., 2010; Rubino et al., 2012; Thran et al., 2018; Chen et al., 2019), and internal 743 

waves (Reiche et al., 2016; Quayyum et al., 2017; Miramontes et al., 2020). 744 

In the Yucatan Channel, the highest current velocities are in the central part of the 745 

Yucatan Current and decrease towards the slopes of the Yucatan peninsula and Cuba 746 

(Sheinbaum et al., 2002). Hübscher et al. (2010) previously showed that in the Yucatan 747 

Strait, hydroacoustically detectable sediments do not occur until below 550-600 m. Since 748 

the LC continues northwards, it is likely that the LC and episodically separating warm-749 

core rings (eddies) generally control deposition and non-deposition along the eastern 750 

Campeche Bank. The internal waves at the TACW/AAIW-boundary and in water depth 751 
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of ~520-540 m as postulated by Hebbeln et al. (2014) control the deep base level itself, 752 

as significant sedimentation currently only occurs below this depth. According to this 753 

rather conceptual explanation, the presence of internal waves is not crucial, since the 754 

deep base level can simply be explained by a decrease of the flow velocity of the LC. 755 

Eddies and benthic storms tend to be episodic events, however, on geologic time scales 756 

they can be considered quasi-continuous processes. In this regard, deep eddies 757 

generally act in water depths >1000 m (Oey, 2008) and can thus be ruled out as 758 

causative for deep base level. The same applies to mesoscale eddies as described, e.g., 759 

by Chen et al. (2019), which also affect continental slopes in water depth of >1000 m. 760 

 761 

5.5 Deep base level fluctuations  762 

The duration of the deep base level fall that caused the forced regression systems tract-763 

like offlapping clinoforms beneath the MPU is unconstrained. Since the supra-MPU/C 764 

strata comprise several glacial/interglacial cycles, a single eustatic sea level fall cannot 765 

be accounted for the deep base level fall by more than 100 m, since the offlapping strata 766 

were deposited during the deep base level fall. Further, this offlapping sediment package 767 

of the toplapping clinoforms beneath the MPU is much thicker than the several 100 kyrs 768 

old overburden of the MPU/C. Hence, the offlapping sediment package comprises at 769 

least several 100 kyrs as well (Figs. 6c, 8c). In contrast to hydrodynamic explanations, 770 

a deep base level fall or rise can theoretically also be explained by subsidence or 771 

tectonically controlled uplift. However, as no such studies exist, a tectonic control of the 772 

here described processes can be ruled out. 773 

It is reasonable to assume that the deep base level fall resulted from the LC 774 

intensification during the narrowing and closure of the Panama Isthmus in the middle or 775 

late Pliocene. The truncation of prograding clinoforms above 400 m water depth and the 776 

lack of sedimentation since then (Fig. 8) can also be interpreted by the onset of the LC 777 

or its amplification. 778 

The continuously upslope shifting onlap termination of the supra MPU-strata at the upper 779 

slope (Figs. 6a, 8a) imply a deep base level rise. This is consistent with the age models 780 

discussed previously, which dated the MPC to the beginning of the MPT, and the 781 

sediments above the MPU on the upper slope to the outgoing MPT or to the time after. 782 

Similar to the Levant margin (eastern Mediterranean), the deep base level rise created 783 

a sigmoidal sediment body that reveals characteristics comparable to Transgressive 784 

Systems Tracts (Hübscher et al., 2016). That the sedimentary package above the 785 
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MPU/C generally terminates as onlap against the MPU, but was deposited during the 786 

post MPC glacial-interglacial cycles, provides evidence of an overall weakening of the 787 

flow regime along the upper slope of the eastern Campeche Bank since the MPT. The 788 

weakening of the flow regime created the accommodation space above the MPU. 789 

The uniformity of supra-MPU/C deposition suggests that the cause is not a gradual 790 

decline in the shedding of more local and episodic eddies, but a weakening of the 791 

contour-parallel LC. This attenuation holds on average for all other fluctuations, e.g., 792 

pycnocline disappearance during glacials (Matos et al. 2017), shedding of anticyclonic 793 

eddies (e.g., Oey, 2008; Nürnberg et al., 2008; Nürnberg et al., 2015), but also seasonal 794 

variations (Wiseman and Dinnel, 1988; Sheinbaum et al., 2002).  795 

 796 

5.6 Paleoceanography and Paleoclimate implications 797 

5.6.1 MPT 798 

According to the core-seismic integration, the maximum depth of the deep base level 799 

was reached at ca. 950-1100 kyr BP, i.e., at the onset of the MPT. If the deep base level 800 

correlates with the water transport and associated heat transfer from the western Atlantic 801 

warm water pool towards the North Atlantic via the AMOC, the mid-Pleistocene heat 802 

transport was maximum then. Subsequently, the deep base level shifted upward, 803 

implying a reduced current-related heat transfer. A close link between LC strength and 804 

ocean THC is likely, as the onset of the deep base level (~950 ka BP) is consistent with 805 

a major disruption of the THC system during the MPT between MIS 25 and 21 at ~950 806 

to 860 ka BP (Pena and Goldstein, 2014; Kim et al., 2021). 807 

The uplift of the deep base level documents the overall weakening of the LC and thus a 808 

reduction in heat transport from the Caribbean to the North Atlantic via Florida Straits, 809 

which is consistent with these notions. As summarized by Pena and Goldstein (2014), 810 

several authors explained the MPT by cooling of sea-surface temperatures and 811 

increased high-latitude sea-ice expansion (Gildor and Tziperman, 2010; Martinez-812 

Garzia et al., 2010; McClymont et al., 2013) and/or changes in THC vigor (Raymo et al., 813 

1990).  814 

 815 

5.6.2 The post-MPT 100.000 yr world 816 

The seismic imagery of our study further shows that the reflection pattern above the 817 

MPU/C and in water depths above ~660-680 m changes from slightly wavy to sub-818 

parallel to parallel, i.e., becoming more and more straight in the upmost layers (Figs. 3-819 
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5). Averaged over astronomical cycles, this argues for a steady decrease in LC vigor. 820 

The dependency of LC vigor and the net through flow via the Yucatan and Florida straits 821 

on glacial/interglacial periods, however, remains a matter of debate. 822 

As the highstand dune fields (Fig. 7) indicate a higher-energy depositional environment 823 

than the parallel layers between them, the proposed age model in Fig. 7 implies weaker 824 

bottom currents during glacials (sea level low-stands) than during the interglacials (high-825 

stands). Stieglitz et al. (2009; 2011) argued for a reduced Florida Straits transport during 826 

the LGM and Younger Dryas. Based on the Nd-proxy analysis, Pena and Goldstein 827 

(2014) and Kim et al. (2021) also concluded on the reduction of AMOC vigor during the 828 

glacials. However, the latter observation can also be explained by the fact that a large 829 

part of the northward AMOC transport during the lows does not pass through the 830 

Yucatan Strait, but takes place east of the Caribbean Islands (Antilles, etc.). Brunner 831 

(1984) explained higher sand contents (preferentially foraminiferal tests) in warm climate 832 

sediments from the Yucatan Channel by lowered sedimentation rates due to stronger 833 

winnowing of the fine grain fraction. The positive correlation between the coarse grain 834 

fraction of M94-480 PC and sea level (cf. Fig. 13) can be interpreted in the same way. 835 

However, this interpretation is not unambiguous, because the increased relative 836 

proportion of the coarse grain fraction consisting mainly of foraminifera during sea level 837 

highstands can also be explained by increased marine productivity.  838 

In contrast, the eddy-permitting model simulations of Nürnberg et al. (2015) imply that 839 

the southward shift of the Intertropical Convergence Zone and the strengthened 840 

atmospheric circulation during glacial periods intensified the (wind-driven) Sverdrup 841 

transport within the Subtropical Gyre (Slowey and Curry, 1995). At the same time, the 842 

lowered sea level and the related smaller Yucatan Strait cross section rather caused the 843 

strengthening of the Yucatan and Florida straits throughflow. In response to the stronger 844 

throughflow, the LC eddy shedding in the Gulf of Mexico vanished, which would explain 845 

the extreme sea surface cooling in the northern Gulf (Nürnberg et al., 2008; 2015). 846 

The different notions on either glacially reduced or intensified LC flow cannot be 847 

conclusively answered yet. Under the following assumptions, the flow velocity of the LC 848 

must have been lower during the glacial than during the interglacial periods: If the 849 

reflection patterns in Fig. 7 are interpreted correctly in terms of inferred flow velocity, 850 

sealevel and climate change, if this local observation is representative of the entire 851 

eastern Campeche Bank, and if the coarse grain fraction in sediment cores is a result of 852 

winnowing,  853 
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 854 

Fig. 14: Summary sketch, manly based on profile 8 across the central drift (Fig. 8).  855 

 856 

6. Conclusions 857 

Similar to the northern margin of Campeche Bank, the bathymetry of the eastern 858 

Campeche Bank between 22° and 23.5° north and in water depths between 100 m and 859 

1000 m indicates that over a distance of about 150 km the upper slope was remobilized. 860 

Since the Chicxulub impact could be shown to be the cause for similar mass failures at 861 

the northern margin of Campeche Bank, it can be speculated that the impact was also 862 

the cause here. 863 

The deposition processes are summarized conceptually in Fig. 14. Approximately 864 

between 500 and 650 m present day water depth, the Parasound data depict prograding 865 

and offlapping clinoforms about 20-30 m below the seafloor that are similar to a forced 866 

regression systems tract well known from continental shelves. The downslope bounding 867 

clinoform is oblique. While on continental shelves the relative sea level under additional 868 

influence from the storm wave base or tides control the base level, the deep base level 869 

fall here can be interpreted by LC amplifying until the initial MPT. The deep base level 870 

fall led to erosion and truncation of prograding deposits above 500 m. No sedimentation 871 

during MPT until MIS15 created a hiatus and condensed section at the upper slope. 872 

The offlaps form an unconformity (MPU) that is concordantly overlain. This sigmoidal 873 

sediment sequence above resembles a transgressive systems tract. The overlying 874 

sedimentary sequence retrogrades and onlaps the MPU. Below 650 m, the MPU 875 
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becomes its correlated conformity (MPC). In each case, the youngest seismically 876 

resolved onlap is at about 500-550 m. This 20-30 m thick sigmoidal sedimentary 877 

sequence above the MPU/C represents a plastered drift. 878 

The transition from deep base level fall prior to the MPT to deep base level rise 879 

documents a weakening of the LC initially during the MPT. After the MPT, the LC 880 

continues to weaken, most prominent during glacials. Since this implies a reduction of 881 

the heat transport from the western Atlantic warm water pool into the North Atlantic and 882 

consequently up to NW Europe, the general weakening of the LC may explain the further 883 

cooling of the Northern hemisphere after the MPT.  884 
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Figure Captions 908 

Fig. 1: Chronology of the Mid-Pleistocene climate transition (after Schmieder et al. 909 

2000). Shift in mean and lagged onset of 100 kyr cyclicity of global ice volume (a) 910 

reflected in the stacked δ18O global reference record (Lisiecki and Raymo, 2005) and 911 

(b) schematic view of the Mid-Pleistocene Climate Transition schematized after 912 

Mudelsee and Schulz (1997).  913 

 914 

Fig. 2: (a) Bathymetric map of southern Gulf of Mexico with adjacent Yucatan and Florida 915 

straits. The red lines indicate the simplified Loop Current during different seasons. Thin 916 

white line indicates M94 track (Hübscher et al., 2013). CIC = Chicxulub impact crater 917 

(Paull et al., 2014). (b) M94 cruise track (white lines), core sites (star symbols) and 918 

seismic profiles 3-8 (yellow lines), which correspond to the figures 3-8. Isobaths are 919 

plotted at 100 m intervals. PC = piston core; PS = Parasound. Bathymetric dataset: 920 

ETOPO1 (Amante et al., 2009). 921 

 922 

Fig. 3: (a) Parasound profile 3 collected during RV Meteor expedition M78/1 (Hübscher 923 

and Pulm, 2009) from eastern Campeche Bank (Hübscher et al., 2010) with location of 924 

piston core M94-482 PC. Core length has been calculated with a sound velocity of 1.5 925 

m/ms, which might be too low (see chapter 5 for discussion). (b) Bathymetric map of 926 

study area (see also Fig. 2b) (c) Flattened profile of lower eastern Campeche Bank slope 927 

(for explanation see Chapter 3). CWC = Cold-water coral; MPU = Mid-Pleistocene 928 

Unconformity; MPC = Mid-Pleistocene Correlated Conformity (MPC); VE = vertical 929 

exaggeration. 930 

 931 

Fig. 4: (a) Parasound profile 4 (thick black line in b) with red line marking the Mid-932 

Pleistocene Unconformity (MPU), which transforms into the correlated conformity 933 

(MPC). Piston core locations M94-480 PC and -481 PC and penetration depth are 934 

indicated. A black arrow marks the cross-point with profile 5 at site M94-480 PC. Core 935 

length calculated with 1.8 m/ms (see chapter 5 for discussion). For location see (b). (c) 936 

Flattened Parasound profile in detail. Blue arrows mark pockmarks. Note that the up-937 

warping of the reflections at the north-eastern end of the flattened profile results from 938 

the truncation at the head scarp only. (d) Multi-beam (SIMRAD EM122) data showing 939 

pockmarks and moat along the head scarp. VE = vertical exaggeration. 940 

 941 
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 942 

Fig. 5: (a) Parasound profile 5 and (b) according line drawing. Red line in (b) marks Mid-943 

Pleistocene Unconformity and correlated conformity (MPU/C). PC480 labels piston core 944 

M94-480 PC, which is also the cross-point (black arrow) with the Parasound profile 4. 945 

Core length calculated with 1.8 m/ms (see chapter 5 for discussion). The cross-point 946 

with the Parasound profile 6 (black arrow to the right) is at the southeastern end of the 947 

profile. Note the southeastward amplitude decrease (ad) of reflections beneath ~12 m 948 

in the middle of the profile. VE = vertical exaggeration.  949 

 950 

Fig. 6: (a) Parasound profile 6 running perpendicular to the continental slope. For 951 

location see insert map (b). Red line = Mid-Pleistocene Unconformity (MPU) and 952 

Correlated Conformity (MPC). Black arrow = cross-point with profile 5. (c) Flattened 953 

profile. Red arrows = onlaps and downlaps. (d) Line drawing with interpreted sea level 954 

highstand (dark blue), lowstand deposits (light blue) and suggested correlation with 955 

MIS. (e) Enlargement from upper slope. VE = vertical exaggeration. 956 

 957 

Fig. 7: (a) Parasound profile 7 almost parallel to the contour. (b) The profile 7 is too short 958 

to be resolved in the insert map. It runs almost parallel to the slope. The black triangle 959 

marks, where the profile stops at profile 8. Red line = Mid-Pleistocene Unconformity 960 

(MPU). Red arrows = wavy horizons and suggested correlation with MIS. VE = vertical 961 

exaggeration.  962 

 963 

Fig. 8: (a) Parasound profile 8. Red line = Mid-Pleistocene Unconformity (MPU) and 964 

Correlated Conformity (MPC). Black arrow = cross-point with profile 7. For location see 965 

insert map (b). (c) Flattened profile with red arrows marking toplap terminations. The 966 

signal to noise ratio of internal reflection amplitudes is rather small. In order to identify 967 

reflection terminations and to distinguish between the MPU and the MPC, the grey scale 968 

colors are inverted. (d) Upslope prolongation of (a). Note the sea floor “pulse-train” 969 

multiple (see chapter 3.2 for explanation) and the different vertical exaggeration (VE) 970 

compared to (a).  971 

 972 

Fig. 9. Chronostratigraphy of core M94-480 PC from Yucatan Strait, 23°48.141N 973 

87°0.868W, 730 m water depth. Bottom: Benthic stable oxygen isotope record (δ18O in 974 
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‰ VPDB) over the last ~360 kyr. The stratigraphic framework is based on tuning the 975 

benthic δ18OU.peregrina record to the global benthic reference stack LR04 (Lisiecki and 976 

Raymo, 2005). Green vertical lines mark tie lines between both records. Further support 977 

of the age model comes from the tight match to the benthic δ18OU.peregrina record of core 978 

MD02-2575 from the northern Gulf of Mexico, for which a strong response to cyclic 979 

fluctuations in Earth’s precession and obliquity was proven (Nürnberg et al., 2008). 980 

Middle: Planktonic δ18OG.ruber record (in ‰ VPDB) of core M84-480 PC. Top: Coarse 981 

grain fraction (>63 µm) and high resolution a*-record of core M94-480 reflecting the 982 

relationship between green and magenta, which is used to establish the age model for 983 

adjacent core M94-482 PC. Interglacial periods are shaded and marine oxygen isotope 984 

stages (MIS) are indicated by black numbers.  985 

 986 

Fig. 10. (a) The B-Tukey frequency spectra of the different proxy data point to orbital 987 

forcing. Most pronounced cyclicities of 40 kyr and 23 kyr as a response to cyclic 988 

fluctuations in the Earth’s orbital parameters obliquity and precession occur in the 989 

benthic δ18OU.peregrina record (light blue). The frequency spectra of color a* variations in 990 

cores M94-480 PC (green) and M94-482 PC (orange) are less distinct due to the blurry 991 

character of the color records. (b) Depth/age diagrams for cores M94-480 PC (blue), -992 

481 PC (orange), and -482 PC (pink) revealing decreasing sedimentation rates with 993 

decreasing water depths on the western slope of Yucatan Strait. 994 

 995 

Fig. 11. Chronostratigraphy of core M94-482 from Yucatan Strait, 23°49.155N 87°7.752 996 

W, 630 m water depth. Top: Visual correlation of the a*-record (red) to the a*-record of 997 

core M94-480 (gray), which serves as stratigraphically classified reference record (c.f. 998 

Fig. 9). Green vertical lines mark tie-lines between the records. Bottom: Further support 999 

of the age model in the youngest section comes from the correlation of the benthic 1000 

δ18OU.peregrina record (orange) to reference sites MD02-2575 from the northern Gulf of 1001 

Mexico (Nürnberg et al., 2008; gray) and LR04 (Lisiecki and Raymo, 2005; black). 1002 

 1003 

Fig. 12. Chronostratigraphy of core M94-481 from Yucatan Strait, 23°39.997N 1004 

87°7.284W, 521 m water depth. Bottom: Global benthic δ18O reference stack LR04 1005 

(Lisiecki and Raymo, 2005; black). Middle: The stratigraphic framework is based on 1006 

tuning the planktonic δ18OG.ruber record (in ‰ VPDB; orange) of core M84-481 to the 1007 

global benthic δ18O reference stack LR04. Green vertical lines mark tie lines between 1008 
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the records. The correlation is largely supported by the benthic δ18OU.peregrina record of 1009 

core M84-481 (blue). Top: L* and b*-records of core M84-481 reflecting 1010 

glacial/interglacial changes from MIS1 to MIS11. A prominent disconformity is dated to 1011 

~425ka BP (red dashed line). Below, the strongly lithified coarse-grained sediment 1012 

contains large brachiopod shells dated with 87Sr/86Sr. 1013 

 1014 

Fig. 13: (a) In the upper figure, the normalized gradient of the coarse fraction of sediment 1015 

core M94-480 PC (Fig. 9) and the normalized LR04 δ18O reference record (Lisiecki and 1016 

Raymo, 2005) are plotted vs. time and MIS. Odd MIS are indicated by grey background 1017 

color. MIS substages after Railsback et al. (2015). In the lower figure, reflection 1018 

amplitudes are correlated with these data. The conversion from age-to-depth (Fig. 10b) 1019 

to age-to-TWT was performed with a constant sound of 1800 m/s. (b) Extrapolation of 1020 

age-TWT function yields an age of the MPC between ~900 and 1050 ka BP. See text 1021 

for discussion. 1022 

 1023 

Fig. 14: Summary sketch, manly based on profile 8 across the central drift (Fig. 8).  1024 

 1025 

  1026 
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