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Abstract 32 

High resolution seafloor mapping shows extraordinary evidence that massive (>300m thick) 33 

icebergs once drifted >5,000km south along the eastern United States, with over 700 iceberg scours 34 

now identified south of Cape Hatteras. Sediment cores collected from several buried scours show 35 

multiple plow marks are ~31,000 years old and align with Heinrich Event 3 (H3). An 36 

accompanying set of numerical glacial iceberg simulations performed with an eddy permitting 37 

ocean model show that the transport of icebergs to these sites only occurs during massive, but 38 

short-lived, periods of elevated meltwater discharge. As H3 was associated with only a modest 39 

increase in ice-rafting across the subpolar North Atlantic, we propose that meltwater and icebergs 40 

were repeatedly routed to the subtropics during this event. Stratigraphy from subbottom data across 41 

the scour marks shows there are additional features that are both older and younger, and may align 42 

with other periods of elevated meltwater discharge. Finally, the subtropical iceberg-meltwater 43 

pathway identified supports a complex relationship between freshwater forcing and climate change 44 

given meltwater may initially be routed far to the south of deep-water formation sites.  45 
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 46 

Main Text 47 

High resolution images of the sea floor from the western subtropical North Atlantic reveal over 48 

700 individual iceberg scours spanning the southern U.S. Atlantic margin, from Cape Hatteras, 49 

North Carolina (~35°N), to the Florida Keys (~24°N), in water depths from 170-380m that are 50 

traceable for >30km (Figs. 1, S1). The appearance of these features at such low latitudes is highly 51 

unexpected not only because of the exceptionally high melt rates in this region (sea surface 52 

temperatures are 20-25°C) but also because these features lie beneath the northward flowing Gulf 53 

Stream (Fig 2). Indeed, in our prior work (1) the Gulf Stream in the glacial North Atlantic flows 54 

north along the continental shelf of North American until it detaches from the coast near Cape 55 

Hatteras, much like present day (2). In the Mid-Atlantic Bight region to the north, cold subpolar 56 

slope waters flow south from the Grand Banks of Newfoundland until they encounter the Gulf 57 

Stream at Cape Hatteras (Fig. 2). Hence, for icebergs to reach the subtropical scour locations south 58 

of Cape Hatteras they must have drifted against the normal northward direction of flow over the 59 

continental; i.e., in the opposite direction to the Gulf Stream. The iceberg scours along the margin 60 

are thus interpreted to represent the plowing paths of iceberg keels transported more than 5,000 61 

km south along the United States continental margin to southern Florida in a cold, coastal boundary 62 

current derived from the former Laurentide Ice Sheet (LIS; refs. 1,3). 63 

The discovery of icebergs in this location has direct implications for understanding 64 

cryosphere-ocean-climate interactions as it suggests a narrow, buoyant, coastal boundary current 65 

must have flowed from the Northern Hemisphere ice sheets directly to the subtropical North 66 

Atlantic gyre (~20°N-40°N) and that south of Cape Hatteras this current was moving in the 67 

opposite direction to the northward flowing Gulf Stream at depth. Research over the last 30 years 68 
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has repeatedly shown that increases in freshwater (icebergs/meltwater) discharge to the subpolar 69 

North Atlantic can weaken the strength of the Atlantic meridional overturning circulation (AMOC) 70 

on multidecadal-to-millennial timescales by reducing North Atlantic Deepwater (NADW) 71 

formation (4-5).  72 

The presence of iceberg scours in the subtropics confirms there must have been periods 73 

when a significant fraction of icebergs and meltwater released from the east coast of North 74 

America were routed directly to the subtropical North Atlantic gyre, bypassing regions of deep-75 

water formation that are thought to regulate the AMOC (1,6). While this freshwater is eventually 76 

advected northward by the Gulf Stream, turbulent mixing would have caused the water to be 77 

considerably saltier by the time it reached the subpolar gyre, making it less efficient at weakening 78 

deep water formation and reducing the strength of the AMOC, compared to freshwater discharged 79 

directly to the subpolar gyre (1). This routing and mixing of freshwater thus implies that the 80 

influence of meltwater on global climate may be more complex than previously thought. 81 

Understanding the timing and circulation of meltwater and icebergs through the global oceans 82 

during glacial periods is therefore vital for unraveling how past changes in high-latitude freshwater 83 

forcing influenced shifts in climate.  84 

In this manuscript, we report on the sedimentology and ages of several buried iceberg scour 85 

marks observed along the subtropical U.S. continental margin, south of Cape Hatteras. We then 86 

use an iceberg model, coupled to a high-resolution (eddy permitting) ocean-sea ice model, to 87 

determine the mechanisms that led to the formation of these features. Finally, we conclude by 88 

considering the implications of our results for understanding the factors controlling the patterns of 89 

ice-rafted debris (IRD) across the subpolar North Atlantic (i.e., the IRD-belt) and the role that 90 
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meltwater input to the ocean plays in modulating deep-water formation and large-scale ocean 91 

circulation. 92 

To ascertain the age of the subtropical iceberg transport events, large diameter gravity cores 93 

were collected from sediment filled iceberg scours on the upper slope offshore of South Carolina 94 

(Fig. 1; ~33°N; 78°W ~200m water depth). The buried iceberg scours were identified in Chirp 95 

subbottom profiles as small-scale, v-shaped incisions that occur along regular surfaces (7,8) within 96 

a small depocenter, adjacent to a large, iceberg scoured, hardbottom platform (Fig. 1, 3). The 97 

subbottom data show multiple erosional surfaces comprised of nested scours (Fig. 3), which is 98 

indicative of large numbers of icebergs and repeated iceberg scouring events. Typical iceberg 99 

scour incisions in this region are several meters deep, consistent in size with surficial iceberg plow 100 

marks observed in the multibeam bathymetry (9). 101 

Sharp erosional contacts within the cores, along with abrupt changes in sediment character, 102 

correspond with erosional iceberg scour surfaces identified in the subbottom data. The erosional 103 

scour surfaces are overlain by sharp increases in grain size (>80% coarse fraction) and angularity, 104 

decreased sorting, and much greater abundance of glauconite, phosphorite, carbonate and shell 105 

hash (Fig. 3). Rock and sediment samples from the nearby hardbottom platform show a similar 106 

composition that suggests local provenance of this coarser material (Fig. 1c; refs. 10,11). Icebergs 107 

grinding southward across the hardbottom platform may have generated debris that was 108 

subsequently flushed into the adjacent depocenter by the reintroduction of the northward flowing 109 

Gulf Stream. The lithology of these local inputs makes it difficult to distinguish IRD here on the 110 

basis of grain size or carbonate content; however, several samples show a slight increase in 111 

abundance of angular quartz grains (>150 μm) around the basal scour surface that could be an 112 

indication of IRD, similar to deeper sites nearby (e.g., 12,13). 113 
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Accelerator Mass Spectrometer (AMS) 14C dates acquired from the most pristine 114 

Globigerinoides ruber species sampled above and below the scour surfaces indicate multiple 115 

scouring events between ~26.3-39.8 kyr (Fig. 4, Table S1). Three of the cores (GC02, GC04, and 116 

GC27) show an erosional surface with ages that cluster around ~31,000 calendar years BP (Fig. 117 

4), which is roughly synchronous with Heinrich Event 3 (H3; ref. 14). Core GC24, collected from 118 

a deeper, isolated depocenter where no scours were observed, also shows a significant increase in 119 

coarse material deposition around ~31 ka that persists through the top of the core (Fig. 5). The 120 

basal scour surfaces in cores GC02 and GC27 appear to be older, between 32-37ka and <39ka, 121 

respectively (Fig. 4). Additional scour surfaces observed in the subbottom data appear 122 

stratigraphically older than those sampled, including some that cut into the buried hardbottom 123 

platform (Fig. 3). Some of the cores record possible more recent iceberg scour surfaces (e.g., GC02 124 

(~28ka) and GC04 (~26 ka); Fig. 4); the erosional contacts are not as sharp here, but show distinct 125 

changes in sediment character at these times. Together, these results suggest there were at least 3-126 

4 iceberg scouring events reaching subtropical latitudes. This is also consistent with observations 127 

of both seafloor and buried iceberg scours along the New Jersey margin (~39.5°N) where regional 128 

stratigraphic correlations have been used to suggest there may have been 4 periods of southward 129 

iceberg transport at that location, roughly correlated with Heinrich Events 1-4 (15).  130 

We suspect that our limited sampling, with short (less than 3 m) cores targeted at sites 131 

where the scour surface shoaled, may have introduced a bias toward younger events, as well as 132 

shallower tracks from smaller icebergs, providing only a snapshot of subtropical iceberg transport 133 

events. The upper meter of all the cores typically consists of substantially bioturbated and 134 

reworked material that may obscure any possible evidence of scours in this section. The apparent 135 

absence of more recent sediment in the cores, based on the lack of Globorotalia menardii, a 136 
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foraminifera species that was absent from the North Atlantic until early Holocene (16), and pre-137 

Holocene dates, also suggests the heavy weight on the coring device may have resulted in 138 

overpenetration, such that the most recent sediment layers were not sampled. Alternatively, there 139 

may have been limited deposition in the Holocene. Both scenarios leave open the intriguing 140 

possibility of younger iceberg scour events that were not recorded in the samples from this 141 

location. 142 

To address how these icebergs reached subtropical latitudes, we developed a dynamic-143 

thermodynamic iceberg model and coupled it to the Massachusetts Institute of Technology General 144 

Circulation Model (MITgcm; 17) ocean – sea ice model (See Methods). All of our simulations 145 

were conducting using an eddy-permitting horizontal ocean grid resolution of 1/6° (~18-km) that 146 

is capable of resolving narrow coastal meltwater currents along the shelf and large-scale eddies 147 

(see ref. 1). These coupled ocean – sea ice – iceberg model simulations thus mark a significant 148 

step forward in paleoclimate modeling as they are the first-time glacial iceberg discharge events 149 

have been simulated at such a high spatial resolution. 150 

In brief, rates of iceberg melt are based on mass loss from sensible heating, incoming solar 151 

radiation, wave erosion, and buoyant vertical convection. The horizontal drift of each iceberg in 152 

the model is then calculated from the sum of the drag forces exerted on the ice by the wind, ocean, 153 

sea ice, Coriolis force, and sea-surface slope. To account for changes in horizonal ocean velocity 154 

with depth, a novel multi-level keel drag scheme – similar to those used in state-of-the-art, short-155 

term (2-3 day) iceberg forecasting – was employed (Fig S2; ref. 18). Here, the net ocean drag on 156 

each iceberg is derived by summing the drag force exerted at each vertical ocean model level the 157 

iceberg keel penetrates. The inclusion of this scheme is found to be extremely important for 158 

simulating iceberg drift south of Cape Hatteras where meltwater from the LIS is moving south at 159 
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the surface and in the opposite direction to the northward flowing Gulf Stream at depth. In this 160 

region, the lower part of an iceberg’s keel can penetrate into the Gulf Stream waters to oppose the 161 

southward drift and constrain the number and size of icebergs reaching the scour sites.  162 

Finally, we developed a novel technique to simulate iceberg plow marks on the sea floor 163 

by allowing iceberg keels to penetrate up to 20m into the seafloor sediment before becoming 164 

grounded and stationary. Once an iceberg grounds on the seafloor it then remains immobile until 165 

it melts sufficiently to re-float and start drifting again. A full model accounting for the bottom drag 166 

caused by icebergs plowing the sea floor was considered too complicated at this stage given it 167 

would need to account for both the rheology of the marine sediment and the precise shape of the 168 

iceberg keel below the water line, but we consider this approach to be a good first approximation 169 

given that most of the observed scours are incised up to 20 meters deep into the sea floor sediment 170 

(2).  171 

In each experiment, 6300 Gt yr-1 (~0.2 Sv; Sv = 106 m3s-1) of ice is calved from three 172 

locations close to Hudson Bay, Canada, to reflect both known iceberg source regions and estimates 173 

of ice discharge during Heinrich Events (14, 19). In the control simulation (without any meltwater 174 

flood), icebergs from Hudson Bay drift south in the Labrador Current and then across the northern 175 

North Atlantic, as far east as the Iberian Margin (Fig. 6). In agreement with marine sediments 176 

containing ice-rafted debris deposited during major Heinrich Events (14, 20), the highest 177 

concentrations of icebergs are found in the subpolar gyre, between latitude bands ~40°N – 50°N. 178 

Icebergs also drift along the continental margin as far south as Cape Hatteras (35°N, 74°W) to 179 

where the southward flowing shelf and slope waters meet the ~2 m/s northward flow of the Gulf 180 

Stream. The meeting of the slope waters with the Gulf Stream then inhibits any further southward 181 
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iceberg movement and the ability of icebergs to freely drift to any of the relict plow marks observed 182 

on the sea floor.  183 

To explore the relationship between the northward flow of the Gulf Stream and the 184 

southward flow of the slope water in controlling the southern limit of iceberg drift, an additional 185 

model experiment was performed with the wind field over the North Atlantic shifted south to 186 

artificially the push the Gulf Stream south (See Methods). In response to this change in wind 187 

forcing, the Gulf Stream detached ~1° further south of Cape Hatteras, compared to the control 188 

simulation, and allowed icebergs to freely drift to the most northern relict scour sites off the coast 189 

of South Carolina. Significantly, this is also where the greatest number of plow marks have 190 

previously been identified on the sea floor (ref. 1), suggesting that precise latitude at which the 191 

Gulf Stream separates from the coast in a glacial ocean (21) controls the ability of icebergs to reach 192 

the most northern scour location. South of this region, however, the persistent northward flow of 193 

the Gulf Stream continued to inhibit icebergs from reaching the scour sites located off the coast of 194 

Florida (Fig. S3). A different forcing mechanism - rather than a change in the position and/or 195 

detachment of the Gulf Stream from the coast - is thus needed to explain the occurrence of most 196 

of the scour features.   197 

To explicitly examine the mechanisms capable of transporting icebergs to the most 198 

southerly scour sites, meltwater with fluxes of 2.5 and 5 Sv was released from Hudson Bay, 199 

Canada, to reflect prior research showing that the meltwater flux must be >=2.5 Sv to form a 200 

narrow coastal current capable of reaching the most southerly scour sites (1). In all of our 201 

meltwater flood experiments, entirely fresh (0 psu) water was released over an area of ~130 km2 202 

at the surface of the ocean model (into the four model grid points closest to the drainage outlet) for 203 

1 year (starting January 01) to simulate the rapid drainage of a large proglacial lake to a new level. 204 
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Reconstructions of the volumes of freshwater released to the ocean during these outburst events 205 

are poorly known, but they are estimated to have peaked at 5 Sv during the 8.2 kyr event (22). The 206 

time taken for a lake to lower to its new outlet is also uncertain, although hydrologic modelling 207 

estimates suggest that these events may have only lasted for up to 1 year (23). Note also that the 208 

0.2 Sv flux of icebergs calved from the Hudson Bay region is applied constantly throughout the 209 

model simulations; i.e., prior to the release of meltwater, during the 1-year meltwater outburst 210 

floods, and after the meltwater floods have ceased.  211 

In both experiments, icebergs rapidly (~1-2 m/s) drifted southward in the Labrador Current 212 

and reached the Grand Banks of Newfoundland after ~15 days. Icebergs then continued to drift in 213 

a south-southwest direction along the east coast of North America, reaching the latitude of Nova 214 

Scotia (~44ºN), ~3200 km from Hudson Bay after 40 days (Fig. 7). As the meltwater continued 215 

south of Cape Hatteras, hundreds of icebergs were able to drift towards the most northern relict 216 

iceberg scour sites off the coast of South Carolina. The ability of the meltwater to continue to flow 217 

south of Cape Hatteras then depands on the magnitude of the flood given that the ice-laden coastal 218 

flow is essentially a buoyant gravity current. Consistent with theoretical and laboratory studies of 219 

buoyant gravity currents along a sloping bottom in a rotating fluid (24), the meltwater is observable 220 

in the model as a bulge in sea surface height (SSH) with larger floods producing currents that are 221 

(vertically) thicker and extend farther offshore (Fig. S4). Note also that the ability of our model to 222 

capture the vertical structure and flow of these currents is implicit on using a ‘free-surface height’ 223 

scheme and that they would not be resolved in models using a more traditional ‘rigid-lid’ approach 224 

to study changes in meltwater input on climate.Our results show that if the SSH of the meltwater 225 

is larger than the SSH of the Gulf Stream at Cape Hatteras then the meltwater will continue to flow 226 
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south beyond this point and, in our model, this is the case for both the 2.5 Sv and 5 Sv outburst 227 

floods, but not for smaller events (Fig. S4).  228 

In our experiment releasing 2.5 Sv of meltwater, icebergs were only able to drift to South 229 

Carolina, despite the coastal current propagating through Florida Strait and into the Gulf of Mexico 230 

(Fig. S5). An inspection of the change in horizontal ocean velocity (with depth) in this region 231 

indicates that the meltwater current becomes very shallow (upper 10-20m) in this region and that 232 

the Gulf Stream continues to flow northwards below this. As such, the drag force exerted on the 233 

upper part of each iceberg keel from the southward flowing meltwater is insufficient to overcome 234 

the force of the Gulf Stream acting on the lower part of the keel. Again, this highlights the 235 

requirement to use a multi-level keel drag scheme in the iceberg advection routine to accurately 236 

simulate iceberg transport to the scour sites. 237 

When the meltwater flux was increased to 5 Sv, icebergs continued drifting south of South 238 

Carolina, such that 120 individual icebergs passed through Florida Strait (26°N) (Fig. 7). In this 239 

region, the meltwater was confined to the western side of the strait, with a width of ~40 km and 240 

southward velocity of 1-2 m/s, down to ~60 m in the water column (Fig. S6). In addition to being 241 

relatively fresh, the coastal meltwater is also exceptionally cold (~5-8°C), compared to the 242 

surrounding offshore waters (~20-25°C), as a result of limited entrainment and mixing with the 243 

ambient subtropical ocean (Fig. 8). The persistence of this cold current thus helps to reduce melt 244 

rates as the icebergs move south from the cold subpolar region to the much warmer subtropical 245 

western North Atlantic.  246 

As the meltwater continues to be discharged from Hudson Bay, the current persists, 247 

creating a remarkable ~6100 km southward flowing ‘conduit’ along the entire east coast of North 248 

America, from Hudson Bay to the subtropics, that allows additional icebergs to drift over the scour 249 
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sites. In other words, it seems that the iceberg scours off the coast of Florida are a record of truly 250 

massive outburst flood events. In addition, while our experiments only consider the transport of 251 

icebergs calved from the Hudson Bay region, it is entirely possible that icebergs originating from 252 

more southerly parts of the LIS and/or far-field calving margins such as Greenland and Iceland 253 

could have been ‘swept along’ with the meltwater (provided they were south of the drainage outlet 254 

at the time of the flood) and contributed to the formation of the subtropical iceberg plow marks. 255 

By allowing iceberg keels to plow through the sediment on the continental shelf in the 256 

model, we found that scouring occurs in the same geographical regions as the plow marks observed 257 

in the high resolution multibeam imagery (Fig. 9). Consistent with the observations, the number 258 

of keel marks decreases in abundance moving south along the margin, with ~200 plow marks 259 

simulated off the coast of South Carolina, compared to only 10 at Florida Keys. The modeled 260 

scours at South Carolina (~32.5°N) are also oriented in a similar south-southwest direction (~189°) 261 

to the observations (198-206°) and lie in comparable modern-day water depths (142-256 m in the 262 

model versus 170-380 m in the observations (Fig. 9c)). An examination of the total number of 263 

icebergs drifting south of Cape Hatteras, compared to the number of scours, also reveals that only 264 

~5-25% of icebergs scour the sea floor. Hence, the number of icebergs reaching the subtropical 265 

west Atlantic Ocean would likely have been much larger than the number of scours implies.  266 

In addition to the transport of icebergs to the relict scour sites, our model shows that 267 

~10,600 icebergs (~15-20% of the total number in the North Atlantic) were transported offshore, 268 

into the subtropical gyre, to the south of the main IRD belt (Figs. 10 & S7). Icebergs also reached 269 

Bermuda Rise (32°N, 65°W) in the Sargasso Sea, where IRD has been reported in marine sediment 270 

cores (12,13). While the presence of IRD at this location has previously been explained by the 271 

entrainment of icebergs in cold core rings helping to reduce ice melt and allowing them to cross 272 
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the Gulf Stream, our findings present a second mechanism by which icebergs reached this 273 

destination.  274 

The model indicates that the appearance of icebergs at subtropical latitudes in the western 275 

North Atlantic would have been dependent on the existence of the coastal meltwater current, as 276 

icebergs are quickly re-confined to the subpolar gyre once the elevated levels of meltwater are 277 

reduced, and the coastal meltwater current disappears (Figs. 10, S7). Indeed, Figure 10 indicates 278 

that at the onset of the meltwater event, icebergs are primarily restricted to the region 40°N-50°N, 279 

as also shown in Figure 6. However, after one year of elevated meltwater discharge the 280 

geographical distribution of icebergs has significantly expanded to include much of the subtropical 281 

western North Atlantic, such that icebergs are advected southeast toward the Bermuda Rise. Once 282 

the meltwater discharge is reduced though, icebergs become restricted to the subpolar North 283 

Atlantic even though the freshwater signature of the meltwater persists in the subtropics (Fig. 10c). 284 

 285 

Summary 286 

Our analysis of marine sediments indicates that icebergs drifted south to subtropical regions 287 

multiple times during the last glaciation. While the age relationship does not imply a causative 288 

process, ~31,000 calendar years BP coincides with the period of massive iceberg discharge, 289 

Heinrich Event 3. Previous work indicates that H3 has several features that set this event apart 290 

from four of the six Heinrich layers (H1, H2, H4, and H5) that occurred in the last 60 kyr (e.g., 291 

ref. 14, 25, 26). In particular, while IRD from Hudson Bay is found in the western North Atlantic 292 

during H3, it is significantly lacking in the eastern North Atlantic sector compared to these four 293 

H-events. In fact, IRD in the eastern North Atlantic appears to have been sourced from the 294 

Greenland and/or the Eurasian ice sheets during H3 (14, 25). Heinrich Event 6 also shows a 295 
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similarly modest increase in IRD and possibly a different IRD source, compared to the other 4 296 

major events (14, 26). Gwiazda et al., (ref. 26) proposed that this variation in IRD deposition 297 

during H3 reflected a greater confinement of icebergs sourced from the LIS to the western North 298 

Atlantic, but precisely why this might have been the case remains unknown. Here, we postulate 299 

that the repeat transport of icebergs to the western subtropical North Atlantic by large meltwater 300 

floods could explain this pattern, especially if such events occurred multiple times during H3.  301 

We also note that a more southerly position of the Gulf Stream could have, in part, 302 

contributed to the observed change in IRD during H3 given that our model predicts an increased 303 

confinement of icebergs to the western North Atlantic when the wind field was perturbed (Fig. 304 

S3). Given uncertainties in the concentration and partitioning of IRD within glacial icebergs (e.g., 305 

27), we also cannot rule out the possibility that a lack of IRD deposition during Heinrich Event 3 306 

simply reflects a change in the concentration of IRD in the icebergs and/or a change in where the 307 

IRD is partitioned within the ice at this time. Indeed, ‘clean’ icebergs with little or no IRD - 308 

analogous to modern-day icebergs calved from large ice shelves fringing Antarctic - would leave 309 

little or no IRD ‘fingerprint’ on the sea floor, while icebergs with IRD concentrated in the basal 310 

portion of the ice would cause IRD to be deposited much closer to the calving margin. 311 

Our high resolution coupled ocean – sea ice – iceberg model results indicate that >=2.5 Sv 312 

of meltwater discharge from Hudson Strait is required to transport icebergs to the relict scour sites. 313 

This is higher than previous estimates for Heinrich Events (0.02 – 1 Sv; ref. 19); yet these prior 314 

calculations are based solely on persistent ice rafting across the polar and subpolar regions and do 315 

not account for short-lived coastal boundary flows that appear to have periodically brought large 316 

volumes of ice-laden meltwater into the subtropics. We thus speculate that H3 and H6 could have 317 
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actually been larger meltwater discharge events than the other H-events that carried icebergs south 318 

of the classic IRD-belt (40°N-50°N). 319 

The alignment of high concentrations of scouring on the sea floor in our iceberg model in 320 

the same geographical regions as the observations confirms that the identified features are indeed 321 

relict iceberg scour marks caused by massive ice rafting events capable of reaching the subtropical 322 

western North Atlantic Ocean. The model also shows that icebergs can be advected to other 323 

subtropical sites (e.g., Bermuda, Bahamas) without invoking cold core rings that cross the Gulf 324 

Stream wall much farther north. Our findings thus demonstrate that the geographical region of the 325 

ocean influenced by meltwater freshening was not confined to the subpolar gyre but is consistent 326 

with previous studies (1, 6) showing that the release of large volumes of iceberg-laden meltwater 327 

from Hudson Bay, Canada, leads to a significant freshening of the subtropical North Atlantic gyre 328 

(Fig. 10). This freshwater then undergoes significant mixing and is gradually advected northwards 329 

by the Gulf Stream towards the subpolar gyre. As a result, the freshwater is much saltier (less 330 

fresh) by the time it reaches high-latitude regions of deep-water formation (that likely modulate 331 

AMOC strength) than if it had been directly released to the subpolar gyre. This result is in contrast 332 

to both the notion that subpolar regions of deep-water formation were rapidly freshened by large 333 

outburst floods and the ‘classic’ technique in numerical models of applying a uniform layer of 334 

freshwater to the subpolar North Atlantic (between 50-70°N) to study the impact of freshwater on 335 

AMOC and climate (ref. 4, 5). We postulate that the initial transport of significant volumes of 336 

freshwater to the subtropical North Atlantic as a result of massive glacial outburst floods, followed 337 

by the subsequent mixing of this water with the ambient ocean en-route to the subpolar gyre, could 338 

explain the muted reduction in AMOC strength during Heinrich Event 3 (28) given that meltwater 339 
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would be saltier by the time it reached the subpolar gyre, and thus less capable of inhibiting deep-340 

water formation. 341 

The ages and stratigraphy of the scours discussed here suggest that there were multiple 342 

subtropical iceberg scouring events, consistent with observations from farther north along the New 343 

Jersey margin (15). The iceberg scour ages presented here are also only from a subset of plow 344 

marks at the South Carolina site, and the future recovery of additional sediment cores from this 345 

location, as well as from the more southerly scours, will help reconstruct the timing and frequency 346 

of these events and determine whether they coincide with other Heinrich events. 347 

 348 

Methods 349 

Iceberg model: The iceberg model is coded in parallel FORTRAN and is capable of simulating 350 

the melt and drift of 10,000’s of icebergs in the ocean. Icebergs are assumed to be rectangular, 351 

with a width (W) to length (L) ratio of 1:1.62 (29, 30). To clarify some terminology: The 352 

subaqueous part of the iceberg is referred to as the keel and the keel’s thickness as draft (D); the 353 

aerial portion is known as the sail and the sails height above the sea surface as freeboard (Fb).  In 354 

the model, the keel thickness and freeboard height are derived from knowing the total iceberg 355 

thickness and the ratio of the density of ice to seawater. The equations used to derive iceberg drift 356 

and deterioration in the iceberg model are described in detail in Savage (ref. 31). In brief, 357 

individual icebergs are simulated as Lagrangian particles, with their horizontal acceleration (units: 358 

m/s2) calculated from the equation of motion for an iceberg:  359 

 360 

𝑚
𝑑𝒗$$⃗
𝑑𝑡 = −𝑚𝑓𝑧̂ × 𝒗$$⃗ + 𝑭$$⃗ ! + 𝑭$$⃗ " + 𝑭$$⃗ # + 𝑭$$⃗ $ 

(1) 

 361 
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where 𝑚 is the mass of the iceberg, 𝒗$$⃗  is iceberg velocity, t is time, and the six terms on the right-362 

hand-side represent the various forces (in kg/m/s2) exerted on each iceberg: the Coriolis force 363 

−𝑚𝑓𝑧̂ × 𝒗$$⃗ , where 𝑓 is the Coriolis parameter and 𝑧̂ is the vertical unit vector, wind drag, 𝑭$$⃗ !, water 364 

drag, 𝑭$$⃗ ", sea ice drag, 𝑭$$⃗ #, and the horizontal pressure gradient, 𝑭$$⃗ $. The drag force from the wind 365 

is generated on both the vertical side walls of the iceberg above the water line (form drag; 𝐶!%) 366 

and the horizontal surface plane (skin drag; 𝐶!&) as: 367 

 368 

𝑭$$⃗ ! = 0
1
2𝜌!𝐶!%𝐴!% + 𝜌!𝐶!&𝐴!&5

|𝒗$$⃗ ! − 𝒗$$⃗ |(𝒗$$⃗ ! − 𝒗$$⃗ ) 
(2) 

 369 

where 𝜌! is air density, 𝒗$$⃗ ! surface wind velocity, 𝐴!% and 𝐴!& are the vertical and horizontal 370 

cross-sectional areas of the iceberg (Table S2). The drag force from the ocean accounts for changes 371 

in horizontal ocean velocity with depth by summing the drag force at each vertical ocean model 372 

level an iceberg’s keel penetrates, based on Turnball et al., (ref. 18), as:   373 

 374 

F$$⃗ w= 9:
1
2𝜌"𝐶"%𝐴"%

(𝑖)|𝒗$$⃗ "(𝑖) − 𝒗$$⃗ |(𝒗$$⃗ "(𝑖) − 𝒗$$⃗ )<
'

#()

+ 𝜌"𝐶"&𝐴"&(𝑛)|𝒗$$⃗ "(𝑛) − 𝒗$$⃗ |(𝒗$$⃗ "(𝑛) − 𝒗$$⃗ ) 

 

(3) 

 375 

where i is the vertical ocean model level, 𝒗$$⃗ " (i) is the water velocity at each vertical model level, 376 

𝐴"%(𝑖) and 𝐴"& (n) are the vertical and horizontal cross-sectional areas of the iceberg at each 377 

model level and at the base of the iceberg, and parameters 𝐶"% and 𝐶"& are the vertical form drag 378 

and horizontal skin drag coefficients, respectively. The drag force exerted by sea ice acts on the 379 

sidewalls of the iceberg and only on the part of the keel that is in the surface level of the model: 380 
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 381 

𝑭$$⃗ * =
1
2𝜌*𝐶#%𝐿+𝑇#

|𝒗$$⃗ * − 𝒗$$⃗ |(𝒗$$⃗ * − 𝒗$$⃗ ) 
(4) 

 382 

 where 	𝐶#% is the sea ice form drag coefficient, 𝐿+is the length of the iceberg normal to the stressing 383 

force at the surface level (i.e., width or length),	𝑇# is sea ice thickness, and 𝒗$$⃗ # is sea ice velocity. 384 

The drag force is only considered when the concentration of sea ice exceeds 15%, while in high 385 

(>90%) concentrations of sea ice, icebergs drift with the pack ice (i.e. 𝒗$$⃗ = 𝒗$$⃗ #) (ref. 32). Finally, 386 

the pressure gradient force is calculated directly from the sea surface height,	𝜂, of the ocean 387 

model’s nonlinear free surface as: 388 

 389 

𝑭$$⃗ $ = −𝑚𝑔𝛻$⃗ 𝜂 (5) 

 390 

Iceberg deterioration (units: m/s) is from solar radiation, sensible heating, wave erosion, 391 

and buoyant vertical convection. Freshwater from melting iceberg is released into the surface level 392 

of the ocean model with a temperature and salinity of 0°C and 0 psu, respectively. Melt from solar 393 

radiation, M,, reduces iceberg thickness as:   394 

 395 

𝑀- =
𝐹*./
𝜌#𝛤#

(1 − 𝛼) (6) 

 396 

where 𝐹*./ is the solar radiation flux (W/m2) derived from the local downward and shortwave 397 

radiation flux, 𝛤# is the latent heat of fusion of ice (J/kg) and α is the iceberg albedo (Table S3). 398 

Subaerial melt from sensible heating (also referred to as forced convection), 𝑀0!, is generated by 399 
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the relative motion of the air passing the iceberg, and leads to both a reduction in waterline length 400 

and vertical thickness as: 401 

 402 

𝑀0! =
𝑞0
𝜌#𝛤#

 (7) 

 403 

where 𝑞0 is the heat flux per unit surface area (W/m2), 404 

 405 

𝑞0 = 𝑁𝑢	𝑘! ∆𝑇 𝐿⁄  

 

(8) 

and	𝑘! is the thermal conductivity of the fluid, ∆𝑇 is the difference between the local air 406 

temperature and the iceberg (∆𝑇 = 𝑇! −	𝑇#). The Nusselt number, 𝑁𝑢, gives the ratio of 407 

convective to conductive heat transfer as: 408 

 409 

𝑁𝑢 = 0.055	𝑅𝑒1.3𝑃𝑟1.4 (9) 

where the Reynolds number, 𝑅𝑒, and Prandtl number, 𝑃𝑟, are defined as  410 

 411 

𝑅𝑒 = |𝒗 − 𝒗!| 𝐿 𝓋!⁄  

𝑃𝑟 = 𝓋! 𝐷!⁄  

(10) 

 412 

where 𝓋! and 𝐷! are the kinematic viscosity and thermal diffusivity of air, respectively. Melt is 413 

also generated by sensible heating below the waterline, 𝑀0", and is calculated by replacing the 414 

constants for thermal conductivity, kinematic viscosity, and thermal diffusivity in Equations 8 and 415 
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10 with those for water (Table S3). Iceberg melt below the waterline from buoyant vertical 416 

convection, 𝑀/, along the side-walls reduces an icebergs width and length as follows:  417 

 418 

𝑀/ = 8.82 × 1053∆𝑇 + 1.5 × 1053∆𝑇6 (11) 

 419 

where ∆𝑇 is the difference between the ocean water temperature and the freezing point temperature 420 

of sea water. Finally, iceberg melt from wave erosion, 𝑀", is simulated as: 421 

 422 

𝑀" = 0.000146 0
𝑅
𝑎5

1.6

\
𝑎
𝑊$
^∆𝑇 

 

(12) 

where R is the roughness height of the iceberg and 𝑊$ the wave period (Table S3). The wave 423 

amplitude, 𝑎, is empirically related to wind speed and dependent on both sea ice fractional area 424 

and freeboard height, 𝐹𝑏, to avoid producing erroneously large wave drag forces. Finally, icebergs 425 

are considered to become unstable and roll-over when their length to thickness ratio is less than 426 

0.7, (𝐿 𝑇⁄ < 0.7), and in this case, L and T are instantaneously swapped (ref. 30).  427 

The model uses 10 iceberg size classes (Table S4) that represent a modern-day iceberg 428 

distribution and are similar to those used in Bigg et al., (ref. 33). Given uncertainties in the size of 429 

icebergs associated with Heinrich Events we consider this to be a reasonable first estimate. 430 

Moreover, as Figure 9 (main text) shows that iceberg scouring in our model occurs in roughly the 431 

same water depths as the observations, our choice of iceberg size classes must closely approximate 432 

the size of actual icebergs drifting south of Cape Hatteras.  433 

 434 
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Ocean model: All numerical model simulations were performed using the Massachusetts Institute 435 

of Technology General Circulation Model (MITgcm) (ref. 17). Our model configuration has an 436 

eddy-permitting horizontal global grid resolution of 1/6° (~18-km) with 50-levels in the vertical 437 

with spacing set from ~10 m in the near-surface to ~450m at a depth of ~6000m. Ocean tracer 438 

transport equations are solved using a seventh-order monotonicity preserving advection scheme. 439 

There is no explicit horizontal diffusion, and vertical mixing follows the K-Profile 440 

Parameterization. Sea ice is simulated using a dynamic-thermodynamic sea ice model that assumes 441 

a viscous-plastic ice rheology and computes ice thickness, ice concentration, and snow cover (34).  442 

The simulations were integrated under glacial boundary conditions following that of Hill 443 

and Condron (2014): sea-level is 120m lower than modern-day and the atmospheric boundary 444 

conditions (10-m wind, 2-m air temperature, surface humidity, downward longwave and 445 

shortwave radiation, precipitation, and runoff) are provided from output from the fully coupled 446 

Community Climate System Model version 3 (CCSM3) LGM integration (35). The model was 447 

integrated forward using a 600s timestep with the iceberg advection routine cycled 10-times for 448 

every ocean timestep using a second-order Runge-Kutta method.  449 

 450 

Gulf Stream perturbation experiment: To explicitly examine the sensitivity of southward 451 

iceberg transport to the point at which the Gulf Stream detaches from the coast at Cape Hatteras 452 

we performed an additional experiment in which the wind field (U, V) over the North Atlantic 453 

region (5°N-90°N; bounded on the east and west sides by land masses) was displaced 5°S. As this 454 

shift leaves a ‘gap’ in the wind field from 85-90°N, values in this region were simply replaced 455 

with the original values over this region.  456 

 457 
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Sediment Cores: Large diameter gravity cores were collecting aboard the R/V Hugh R. Sharp in 458 

August 2017, using the Oregon State University (OSU) coring facility. The cores were logged for 459 

physical properties using a Geotek multi-sensor core logging system1. Computed Tomography 460 

(CT) scans were conducted on selected for cores using both the OSU medical system and the 461 

higher resolution USGS Geotek RXCT system. Several cores were also sampled every 2cm for 462 

grain size. The grain size analyses were conducted at Coastal Carolina University, using a 463 

Beckman-Coulter LS13320 Laser Diffraction Particle Size Analyzer. Radiocarbon dates on 464 

foraminifera (g. ruber) were acquired from samples at key intervals within the cores and analyzed 465 

at the National Ocean Sciences Accelerator Mass Spectrometer (NOSAMS) and Beta Analytic, 466 

Inc. facilities.  467 

1Any use of trade, firm, or product names is for descriptive purposes only and does not imply 468 

endorsement by the U.S. Government. 469 

 470 

Data Availability 471 

All of the equations describing the iceberg model dynamics and thermodynamics are given in the 472 

Methods Section and the data for the AMS 14C dates and iceberg model parameters are listed in 473 

the Supplementary Material.  474 
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meltwater simulations are available from the corresponding author upon request. 478 
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Figures 618 

 619 

Figure 1. (A) Seafloor iceberg scours have been mapped between 170-380 m water depth in 620 

several locations, shown by red boxes, where sufficient multibeam bathymetry data exist (ref. 1); 621 

(B) Seafloor bathymetry of the iceberg scour site offshore of South Carolina, where ~500 622 

individual iceberg scours have been mapped in the existing multibeam bathymetry. (C) Sediment 623 

cores used in this study were collected from buried iceberg scours in a depocenter adjacent to the 624 

iceberg scoured hardbottom platform. (D) Backscatter data across the study area indicate a rocky, 625 

hardbottom substrate on the iceberg scoured platform, with sediment infill in the local depocenter. 626 

 627 

 628 
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 629 
Figure 2: Snapshots of simulated sea surface temperature and surface ocean velocity (black 630 

arrows) in the western subtropical North Atlantic under glacial boundary conditions for January 631 

(a) and September (b). These plots show that the relict iceberg scours are located beneath the 632 

northward flowing Gulf Stream where ocean temperatures in our glacial ocean circulation model 633 

simulations are >20ºC.White triangles above 35ºN represent the maximum southerly location that 634 

icebergs are able to drift to in our control simulations (i.e., no meltwater forcing) under glacial 635 

boundary conditions and highlight that icebergs do not freely drift to the scour sites in the absence 636 

of meltwater currents.  637 

 638 

 639 

 640 
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 641 

 642 

Figure 3. (A) Chirp subbottom profile across the depocenter where core GC27 was collected. This 643 

area shows multiple nested iceberg scour surfaces within the sediment package, as well as some 644 

older scours that appear to have cut into the underlying hardbottom platform. (B) and (C) 645 

Microscope photos of the coarse fraction indicate distinct lithologies, where coarse sand and gravel 646 

with abundant glauconite and shell hash are found above the basal iceberg scour surface, in contrast 647 

with finer, carbonate-rich sand below.  648 
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 649 
 650 

 651 

Figure 4: Radiocarbon dates from sediment cores collected in and around buried iceberg scours. 652 

Median calendar ages, derived from radiocarbon calibration using Oxcal 4.3 are reported for 653 

samples younger than 45 kyr 14C BP, while older samples are reported uncalibrated. Several of the 654 

cores show an erosional iceberg scour surface with ages above and below the surface that cluster 655 

around ~31 kyr cal BP. Several major climatic events (e.g., Younger Dryas, Heinrich Events) are 656 

highlighted with grey bars. 657 
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 658 
 659 
Figure 5. Core GC24, collected in a deeper portion of the depocenter, where no iceberg scours are 660 

observed, also shows distinct variations in grain size and lithology that correspond in time to the 661 

changes observed in the cores collected from within iceberg scours. (A) Chirp subbottom profile 662 

across the core location; (B) Grain size, false-color CT scan and core photograph of the middle 663 

section of GC24; (C and D) Microscope photographs of coarse fraction (>63 μm) samples showing 664 

coarser grains with increased glauconite that occur after ~31kyr cal BP, relative to the older 665 

carbonate-rich fine sands. 666 

 667 
 668 
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 669 

Figure 6: The simulated distribution of icebergs in the glacial North Atlantic. In general, 670 

icebergs are restricted to the subpolar North Atlantic (40°N-50°N) where high concentrations of 671 

ice rafted debris are found in glacial marine sediments (refs. 13, 19). Icebergs do not freely drift 672 

to the relict subtropical scour sites, south of Cape Hatteras (small red boxes). The position of the 673 

Gulf Stream is marked by the 13-15°C isotherms at 200m water depth (grey contour lines); iceberg 674 

calving margins near Hudson Bay are denoted by the white arrows, glacial landmasses are shown 675 

in black and the modern coastline by the gray line. The large red box highlights the regions 676 

displayed in detail in Figures 7e-f.  677 

 678 

 679 

 680 
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 683 

 684 

 685 

 686 

 687 

 688 

 689 
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 699 

 700 
 701 

Figure 7: Simulated influence of elevated meltwater discharge on iceberg drift. Hundreds of 702 
icebergs entrained in the glacial meltwater drift southwards along the continual shelf (a-b) reaching 703 
Cape Hatteras after 60 days (c,e). After 75 days, icebergs reach the relict scour sites off South 704 
Carolina and Northern Florida (f), and continue south through Florida Strait to the most southerly 705 
scours after 90 days (d,g).  706 
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 707 
 708 

Figure 8 Change in sea surface temperature in the subtropical western North Atlantic in 709 

response to elevated meltwater discharge from Hudson Bay, Canada. Snapshots of sea surface 710 

temperature (a-c) 60, 75 and 90 days after a 5 Sv meltwater flood was released from Hudson Bay, 711 

Canada, and correspond to the same time periods shown in panels e-g of Figure 7. The blue line at 712 

Florida Strait (in panel a) highlights the cross section used to compile the time series of sea surface 713 

temperature show in panel d. 714 

 715 
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 716 

Figure 9: Simulated iceberg scours along the east coast of the United States. a) The number 717 

of iceberg scours simulated in the model, south of Cape Hatteras, in response to 5 Sv of meltwater; 718 

red boxes are locations where relict iceberg scours have been observed using multibeam 719 

bathymetry data. b) Drift trajectories of icebergs scouring the sea floor, c) Distribution of 720 

simulated iceberg scour depths with latitude; grey shading corresponds to the 4 observed scour 721 

locations as reported in Ref. 1.  722 
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Figure 10: Snapshots of sea surface salinity and the distributions of icebergs in the glacial North 724 

Atlantic, with icebergs represented by white triangles. The top panel (A) shows that at the onset 725 

of the meltwater event, icebergs are primarily restricted to the region 40°N-50°N, where high 726 

concentrations of IRD are found in marine sediments. After one year of elevated meltwater 727 

discharge the geographical distribution of icebergs has expanded to include the subtropical North 728 

Atlantic. Once the meltwater discharge is reduced (panel C), the geographical distribution of 729 

icebergs ocean again becomes restricted to the subpolar North Atlantic even though the freshwater 730 

signature of the meltwater persists in the subtropics. 731 
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 749 

Figure S1: Seafloor iceberg scours are observed as far south as the Florida Keys, with 750 

characteristic iceberg plough mark morphologies: (A) Lateral berms, interpreted as iceberg push-751 

up ridges; (B) Terminal grounding pits indicate where icebergs came to rest on the seafloor 752 
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 763 
 764 

Figure S2: The multi-level keel scheme used in the iceberg model to calculate ocean drag. In this 765 

example, the iceberg keel penetrates 5 vertical levels in the ocean model; flow in the top 4 levels 766 

is to the right of the page and to the left of the page in the bottom level. The net ocean drag exerted 767 

on the iceberg is the sum of all 5 levels.  768 
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 780 
Figure S3: The simulated distribution of icebergs in the glacial North Atlantic in response to a 781 

southward shift in the latitude of the Gulf Stream. Compared to the Control simulation (Fig. 5), a 782 

small number of icebergs drift to the most northern relic scour sites - located off the coast of South 783 

Carolina, USA - due to slope waters now flowing further south at Cape Hatteras. Icebergs were 784 

nevertheless still unable to reach the most southerly scour sites located off the coast of Florida that 785 

are directly beneath the northward flowing Gulf Stream. For reference, the Gulf Stream is marked 786 

by the 13-15°C isotherms at 200m water depth (grey contour lines). Iceberg calving margins near 787 

Hudson Bay are denoted by the white arrows, glacial landmasses are shown in black.  788 
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 796 
 797 
Figure S4: Change in sea surface height in the subtropical western North Atlantic in response to 798 

elevated meltwater forcing from Hudson Bay, Canada. The panels (a-c) show the change in sea 799 

surface height (Perturbation minus Control) resulting from a 1 Sv, 2.5 Sv, and 5 Sv meltwater 800 

flood. The ability of the meltwater to flow south at Cape Hatteras, i.e. to ‘overshoot’, is dependant 801 

on whether the height of the meltwater exceeds the ambient sea surface height. This is the case for 802 

both the 2.5Sv and 5Sv meltwater floods, but not the 1Sv flood. 803 
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 811 
Figure S5: Simulated iceberg drift patterns in the western subtropical North Atlantic. The maps 812 

show the mean density of icebergs for the first year of meltwater simulations with fluxes of 2.5 Sv 813 

(top) and 5 Sv (bottom). In the 2.5 Sv experiment, icebergs only reach the most northern relic 814 

subtropical scour sites off the coast of South Carolina; a flux of 5 Sv is required for icebergs to 815 

drift to the most southerly scours. The purple arrows (bottom panel) show the general drift 816 

directions of the icebergs: Initially, icebergs drift south along the eastern coast of the United States 817 

in the narrow coastal meltwater current; at Cape Hatteras a fraction of icebergs are retroflected 818 

Bermuda 
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eastward into the interior of the subtropical Atlantic gyre, with a significant number reaching 819 

Bermuda. In the 5 Sv experiment, icebergs continue drifting along the east coast of the USA, as 820 

far south as Florida Keys.  821 

 822 
 823 
 824 

 825 
 826 

Figure S6: Cross sections of salinity (top panels) and meridional (north-south) velocity (bottom 827 

panels) at Florida Strait (~26.5°N, 80°-78.5°W). The cross section is drawn as if the reader is 828 

looking north through the strait, such that the coast of Florida is on the left and Grand Bahama 829 

Island is to the right. The far-left panels show the salinity and flow in the Control, prior to the 830 

meltwater flood when flow is northwards at all depths. The two middle and two right panels show 831 

the ocean circulation in this region 90 and 300 days, respectively, after 5 Sv of meltwater was 832 

released from Hudson Bay. 833 
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 835 
Figure S7: Timeseries of the number of simulated icebergs in the North Atlantic between latitude 836 
bands 30° - 40°N (top) and below 30°N (bottom) in the Control and 5 Sv meltwater perturbation. 837 
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 850 

Table S1: Radiocarbon ages for all samples used in this study. 851 

Core Sample Depth 
(cm) Sample Type 

14C Age 
Yrs BP 

Calendar 
Age 

Yrs BP 

Heinrich 
Event* 

24GC 68 

lithology 
changes 

11,830 ± 40 13,302 YD 
24GC 116 15,300 ± 70 18,108   
24GC 125 27,150  ± 130 30,920 

H3 ~31,000 
24GC 129 26,800 ± 280 30,646 
24GC 150 17,920 ± 50 20,180   
24GC 152 17,130 ± 50 21,154   
20GC 106 above scour 24350 ± 90 27,990   
04GC 116 

lithology change 
22,100 ± 140 25,949   

04GC 120 22,800 ± 120 26,697   
04GC 124 24,500 ± 140 28131   
04GC 140 above scour 25,700 ± 250 29369 

H3 ~31,000 04GC 142 
below scour 

28,500 ± 350 32014 
04GC 144 28,400 ± 350 31902 
02GC 115 

lithology change 
24,600 ± 150 28231   

02GC 116 25,900 ± 170 29612   
02GC 133 

lithology change 
24,000 ± 140 27717   

02GC 135 25,100 ± 160 28734   
02GC 142 above scour 26,500 ± 280 30393 

H3 ~31,000 
02GC 145 below scour 29,000 ± 250 32624 
02GC 160 above scour 28,500 ± 130 31846 

H4    38,000 02GC 162 
below scour 

33,400 ± 230 37100 
02GC 165 42,300 ± 2800 45896 
27GC 130 above scour 28,200 ± 570 31863 

H3 ~31,000 
27GC 133 below scour 29,600 ± 680 33249 
27GC 208 

lithology change 
> 45000     

27GC 210 > 49400     
27GC 218 

lithology change 
> 45700     

27GC 220 > 45800     
27GC 225 

lithology change 
45,900 ± 2000     

27GC 226 51,500 ± 3900     
27GC 235 above scour 47,400 ± 1200   

H4    38,000 27GC 236 
below scour 

35,000 ± 310 39118 
27GC 240 44,100 ± 830   
03GC 140 

lithology change 
> 52,000      

03GC 142 > 52,000      
03GC 166 above scour 51,200 ± 5900   

H5    45,000 03GC 170 
below scour 

46,400 ± 3300   
03GC 174 47,400 ± 3700   
*nearest event in time - calendar ages from Hemming (2004)  

 852 
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Table S2: A list of the main coefficients used to derive iceberg motion. 854 

Coefficient Description Units Value 

𝜌# density of iceberg kg/m3 917 

𝜌" density of water kg/m3 1025 

𝜌! density of air kg/m3 1.2 

𝜌* density of sea ice kg/m3 910 

𝐶"% vertical drag coefficient for water dimensionless 1 

𝐶!% vertical drag coefficient for air dimensionless 0.8 

𝐶*% vertical drag coefficient for sea ice dimensionless 1 

𝐶"& horizontal drag coefficient for water dimensionless 0.0012 

𝐶!& horizontal drag coefficient for air dimensionless 0.0055 

𝑔 Gravity m/s2 9.8 

 855 

 856 

Table S3: A list of the main iceberg thermodynamics coefficients and constants. 857 

Coefficient Description Units Value 

𝛤# latent heat of fusion of ice J/kg 3.33x105 

𝑇# Iceberg temperature °C -4 

𝛼 Iceberg albedo dimensionless 0.7 

𝑘! Thermal conductivity of air (at 10°C) J/s/m/K 0.0249 

𝑘" Thermal conductivity of water (at 0°C) J/s/m/K 0.563 

𝓋! kinematic viscosity of air (at 10°C) m2/s 1.46x10-5 

𝓋" kinematic viscosity of water (at 0°) m2/s 1.83x10-6 

𝐷! thermal diffusivity air (at 0°C) m2/s 2.16x10-5 

𝐷" thermal diffusivity water (at 0°C) m2/s 1.37x10-7 

𝑅 Roughness height of the iceberg m 0.01 

𝑊$ Wave period s 6.2 

 858 
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Table S4: Iceberg size distribution used in the model simulations.  861 

 862 
Size Class Fraction (%) Width (m) Thickness (m) 

1 15 67 80 
2 15 133 160 
3 20 200 240 
4 15 267 320 
5 8 333 360 
6 7 400 360 
7 5 500 360 
8 5 600 360 
9 5 800 360 
10 5 1000 360 
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