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Abstract  19 

Our understanding of how global climatic changes are translated into ice-sheet 20 

fluctuations and sea-level change is currently limited by a lack of knowledge of the 21 

configuration of ice sheets prior to the Last Glacial Maximum (LGM). Here, we compile a 22 

synthesis of empirical data and numerical modelling results related to pre-LGM ice sheets to 23 

produce new hypotheses regarding their extent in the Northern Hemisphere (NH) at 17 time-24 

slices that span the Quaternary. Our reconstructions illustrate pronounced ice-sheet asymmetry 25 

within the last glacial cycle and significant variations in ice-marginal positions between older 26 

glacial cycles. We find support for a significant reduction in the extent of the Laurentide Ice 27 

Sheet (LIS) during MIS 3, implying that global sea levels may have been 30–40 m higher than 28 

most previous estimates. Our ice-sheet reconstructions illustrate the current state-of-the-art 29 

knowledge of pre-LGM ice sheets and provide a conceptual framework to interpret NH 30 

landscape evolution.  31 

 32 

Introduction  33 
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The growth and decay of continental ice sheets have formed an integral part of the 34 

Earth’s climate system during the Late Cenozoic and particularly over the last 2.6 Ma (the 35 

Quaternary Period), resulting in major fluctuations in global sea level1. Accurately 36 

reconstructing the former extent of ice sheets is, therefore, vital to understand how global 37 

climatic changes are translated into ice-sheet fluctuations, providing important constraints for 38 

future predictions of sea-level change2. Furthermore, knowledge of the configuration and 39 

evolution of palaeo-ice sheets through time is required to understand their impact on a wide 40 

range of important issues across numerous disciplines, including the Earth’s rheology, long-41 

term landscape evolution3, palaeoecology4, genetic diversity5 and anthropology6. Over the last 42 

few decades, unprecedented growth in the size and diversity of empirical datasets used to 43 

reconstruct the extent of palaeo-ice sheets, together with major improvements in our ability to 44 

numerically model their dynamics7, have led to important advances in our understanding of 45 

ice-sheet configuration through time. However, the vast majority of these reconstructions8-12 46 

focus on ice-sheet deglaciation since the Last Glacial Maximum (LGM) c. 26.5 ka13. In 47 

contrast, there have been few attempts at constraining the extent of ice sheets prior to the 48 

LGM14,15. This is largely because of the paucity of empirical data, which are highly 49 

fragmentary in both space and time16, and has led to an over-reliance on loosely-constrained 50 

and/or coarse-resolution numerical modelling at the global or hemispheric scale17-20. Thus, we 51 

have very limited knowledge of the Earth-surface conditions of the mid- and high-latitudes 52 

throughout most of the Quaternary.  53 

To address this issue, we take a consistent methodological approach in synthesising 54 

empirical data and numerical modelling results related to pre-LGM ice sheets to produce 55 

testable hypotheses of Northern Hemisphere (NH) ice-sheet configurations at key time-slices 56 

spanning the Quaternary. These hypothesised ice-sheet extents are used to assess spatial 57 

differences in ice-sheet configuration within and between glacial periods, produce new first-58 

order estimates of global sea level associated with each time-slice, and explore the implications 59 

for long-term landscape evolution. 60 

 61 

Results 62 

Reconstruction of ice-sheet extents 63 

Empirical evidence relating to NH ice sheets, together with the output from numerical 64 

models, from over 180 published studies is compiled for 17 pre-LGM time-slices that extend 65 
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back to the Late Pliocene (Fig. 1, Supplementary Figures 1–10, Supplementary Tables 1–17). 66 

Although ice sheets also fluctuated in the Southern Hemisphere (in Antarctica, Patagonia and 67 

New Zealand), the major mid-latitude ice sheets of the NH dominated fluctuations in the global 68 

sea-level record21. In this study, maps showing the available evidence relating to past ice-sheet 69 

extent (e.g. Fig. 1a) are produced at 5 ka intervals during ice-sheet build-up prior to the LGM, 70 

for MIS 4 and 5a–d, and for a further six major glaciations extending back to MIS 20–24 71 

(790–928 ka)22 (Supplementary Figures 2–9). Terrestrial evidence for glaciations older than 1 72 

Ma, during the Early Pleistocene to Late Pliocene, is scarce and dated mostly by 73 

palaeomagnetic methods23,24. These intervals are therefore grouped into two broad time-slices: 74 

the early Matuyama magnetic Chron (1.78–2.6 Ma), which encompasses the onset of major 75 

NH glaciation recorded by terrestrial evidence, around 2.4–2.5 Ma14,25,26; and the late Gauss 76 

Chron (2.6–3.6 Ma), which includes the onset of major NH glaciation recorded by ice-rafted 77 

debris in ocean cores, around 2.6–2.7 Ma27,28 (Fig. 1c, Supplementary Figures 9 and 10). Our 78 

maps of evidence relating to pre-LGM ice sheets (e.g. Fig. 1a) reveal the geographical regions 79 

and time-slices in which empirical data are sparse and/or conflicting (Supplementary Figures 80 

2–10). 81 

Empirically derived and numerically modelled outlines of ice-sheet extent were the 82 

primary targets of our literature search for evidence for NH ice sheets. Although it is beyond 83 

the scope of this study to review all marine-sedimentological evidence for ice-sheet growth and 84 

decay (e.g. ice-rafted debris), evidence derived from sedimentological and stratigraphic 85 

investigations was incorporated into our reconstructions (Supplementary Tables 1–17). These 86 

data types were specifically targeted for older time-slices for which published ice-sheet outlines 87 

are scarce. With the exception of the comparatively warm periods of 45 ka, MIS 5a and 5c, for 88 

which we aim to capture the ice-sheet configurations during peak warmth, our reconstructions 89 

aim to show the maximum ice-sheet extent within each time-slice (Methods). This is 90 

particularly important to note for the oldest time-slices (i.e. early Matuyama and late Gauss 91 

magnetic chrons), which span long periods of time that included significant fluctuations in ice-92 

sheet extent29.  93 

Following the compilation of the available evidence, we then produce new hypotheses 94 

relating to ice-sheet extent that span the Quaternary (Fig. 1d–u). For each time-slice we capture 95 

uncertainty by defining a maximum and minimum limit allowed by the available evidence (Fig. 96 

1a and b) and provide a best-estimate hypothesis (Fig. 1d–u, Supplementary Figures 2–10). 97 

Max-min bounds have been used previously to illustrate uncertainty in the past extent of ice 98 
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masses11. Our best-estimate reconstructions are scored from low to high confidence using a 99 

robustness score (Fig. 1d–u) that is based on the availability and agreement between various 100 

modelled and empirical constraints for that time-slice. Some of our reconstructions are well-101 

constrained by empirical data, especially for more recent time-slices, e.g. the maximum extent 102 

of the NH ice sheets during MIS 6 is generally very well constrained (Fig. 1a and b). However, 103 

comparatively few data about ice-sheet extent exist during older time-slices, interstadial 104 

periods (e.g. 45 ka, MIS 5a and 5c), and glacial periods such as MIS 8 and 10 that occurred 105 

between glaciations of greater extent. There is also spatial variability in the distribution of 106 

empirical data, with information about past ice sheets particularly limited from NE Asia 107 

(Supplementary Figures 2–10).  108 

In regions where there are few or no existing data for a time-slice, we use a 109 

reconstruction from another time-slice that has a similar value in the benthic δ18O stack1 to 110 

construct a plausible ice-sheet margin (Methods, Supplementary Notes 1–18). Thus, some of 111 

our older reconstructions are based, in part, on ice-sheet extents from younger time-slices. For 112 

example, the best-estimate LIS during MIS 12 incorporates the best-estimate reconstruction for 113 

MIS 6 where empirical data26 are absent (Supplementary Note 14). To avoid unnecessary 114 

complexity in regions where empirically derived reconstructions are scarce, ice-sheet templates 115 

were used for the North American Cordillera, Greenland, Iceland and NE Asia (Methods). For 116 

example, three ice-mass configurations are used for NE Asia: the Pleistocene maximum30,31, 117 

the LGM31 , and no ice sheet. The use of templates and ice-sheet extents from other time-slices 118 

is necessary to fill the gaps in our current knowledge of Quaternary ice-sheet extent, and is an 119 

improvement on methods that use the LGM as input for all Quaternary glaciations. 120 

In total, we reconstruct a maximum, minimum and best-estimate NH ice-sheet extent 121 

for 17 separate time-slices prior to the LGM, and a best-estimate for the comparatively well-122 

constrained LGM8,11,13,14. Although our best-estimate ice-sheet reconstructions are informed 123 

by some subjective decisions, they provide the first set of consistently-generated 124 

reconstructions of NH ice sheets through the Quaternary that are based on available empirical 125 

evidence. Note that whereas our ice-sheet reconstructions for the last glacial cycle (MIS 2–5d) 126 

represent the likely chronological maximum extent, the mapping of time-transgressive ice 127 

margins for time-slices older than the last glacial cycle is precluded by the fragmentary nature 128 

of the empirical data and problems of dating older glacial sediments at sub-stage resolution.  129 

 130 
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Variations in ice-sheet extent 131 

Our reconstructions clearly illustrate spatial differences in the configuration of NH ice 132 

sheets in different glacial cycles since the Late Pliocene (Figs. 1d-u and 2). During the most 133 

recent and best-constrained glacial cycle (MIS 2–5d; Fig. 1d-m), our detailed reconstructions 134 

of ice-sheet chronological extent support the hypothesis9 that glaciers and ice sheets developed 135 

in continental interiors (i.e. north-east (NE) Asia and eastern Europe) early in the last glacial 136 

cycle, whilst large ice sheets close to maritime moisture sources (i.e. western European Ice 137 

Sheet (EIS) and Laurentide Ice Sheet (LIS)) attained their maximum extent towards the end of 138 

the glacial cycle. A comparison between the LGM and MIS 4 ice extents (Fig. 3a), for example, 139 

shows that the southern and western margins of the LIS and the EIS were more extensive during 140 

the LGM, whereas the eastern margin of the EIS and glaciation in NE Asia and the North 141 

American Cordillera were more extensive during MIS 4. Ice sheets in eastern Europe and NE 142 

Asia were probably of similar size or even more extensive in MIS 5b and/or 5d compared with 143 

MIS 432 (Fig. 1i, k and m). These spatial patterns in Late Pleistocene ice extent suggest that 144 

glaciation may be initiated in the Pacific region, before spreading to the North Atlantic region. 145 

Although it is not currently possible to assess geological evidence for NH ice-sheet 146 

asynchronieity within older glacial periods, records of global dust flux derived from Antarctic 147 

ice cores show a pronounced double peak within many earlier glacial cycles15, suggesting that 148 

a two-stage pattern of ice-sheet development may also have occurred during older glaciations.  149 

The asynchronous development of the NH ice sheets has been attributed to ice-sheet 150 

growth causing an increase in global aridity through each glacial cycle, with large ice sheets 151 

close to maritime moisture sources being less sensitive to a reduction in moisture supply9,15. 152 

The extent and elevation of the ice sheets probably also influenced ice-sheet configurations 153 

elsewhere in the NH. For example, our hypothesised ice-sheet configurations for the last glacial 154 

cycle are consistent with the view that the development of substantial ice sheets in North 155 

America led to warming, and limited glaciation, in NE Asia during the LGM by altering 156 

atmospheric circulation patterns33.   157 

Spatial differences in the maximum extent of NH ice sheets between glacial cycles are 158 

also likely to have been caused by variations in moisture supply linked to complex ice-ocean-159 

atmosphere interactions. For example, the larger extent of the EIS during MIS 6 compared to 160 

the maximum geographic ice-sheet extent during the last glacial cycle (MIS 2–5d) (Fig. 3b) 161 

has been attributed to wetter conditions over Eurasia during MIS 6, enabled by warmer global 162 

oceans34. Another, older example is the dominance of the Cordilleran Ice Sheet (CIS) compared 163 
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to the smaller (and separated) Laurentide ice masses (Keewatin, Labrador and Baffin) during 164 

the late Gauss (2.6–3.6 Ma; Fig. 1u), which has been attributed to the North American 165 

Cordillera blocking much of the north Pacific moisture from reaching the interior of North 166 

America during this time35. 167 

Notwithstanding the inherent uncertainties in producing these reconstructions, our 168 

hypothesised ice-sheet configurations clearly show the importance of topography in 169 

modulating the extent and rate of ice-sheet growth and decay. The EIS underwent the greatest 170 

magnitude of change in area between time-slices, increasing in area by over 1000% during the 171 

LGM relative to the warmer intervals of the last glacial cycle (MIS 3, 5a and 5c; Fig. 2a). Such 172 

huge expansion of the EIS during Mid- to Late Pleistocene cold periods reflects, in part, the 173 

much greater area of cold central Eurasia compared to warmer central North America. The 174 

apparent susceptibility of the EIS to rapid and near-complete deglaciation (Fig. 2a) may be 175 

explained by the partially marine-based nature of this ice sheet, which covered the large 176 

epicontinental Barents-Kara Sea and North Sea during full-glacial periods14,32,36. Marine-based 177 

ice sheets, such as the present-day West Antarctic Ice Sheet, are more susceptible to rapid and 178 

potentially unstable ice-sheet collapse, for example through increased iceberg calving, in 179 

response to climatic and sea-level variations37. The Greenland Ice Sheet (GIS) and CIS have a 180 

comparatively small magnitude of variation in ice-sheet area between the reconstructed time-181 

slices (Fig. 2a). Although some of our reconstructions are poorly constrained by empirical data, 182 

it is apparent that the relatively narrow continental shelf beyond Greenland and western Canada 183 

limits the maximum size that the GIS and CIS can attain.  184 

 185 

Sea-level equivalent ice volume 186 

Despite uncertainties, especially for older periods, our time-slice reconstructions 187 

clearly illustrate major fluctuations in ice-sheet extent (Fig. 1d-u) that generate a good fit with 188 

previously published global sea-level curves38 (Fig. 2b). First-order estimates of the sea-level 189 

equivalent represented by the cumulative volume of our hypothesised ice-sheet reconstructions 190 

are produced using a simple area-volume scaling relationship (Methods). These cumulative ice 191 

volumes assume that the NH ice sheets reached their maximum extent at the same time and, 192 

therefore, are plotted at the times of lowest global sea level. As such, they should be viewed as 193 

the maximum amount of sea level lowering from NH glaciation. This assumption is 194 

compensated for, at least in part, by the fact that we do not account for the different densities 195 
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of ice and seawater, which would produce an additional sea-level lowering of around 12%. We 196 

do not correct for the displacement of sea water by grounded ice because of uncertainties about 197 

long-term bathymetry and ice thickness. It should be noted that estimates of the eustatic sea-198 

level equivalent are not fully independent for time-slices that were based, in part, on ice-sheet 199 

configurations from another time-slice (e.g. the EIS in MIS 16 and the LIS in MIS 8, 10, 12 200 

and 16).  201 

Again, and despite the large uncertainties, there is a particularly good fit between our 202 

best-estimate ice volumes and published sea-level records for glacial maxima, when geological 203 

evidence is often best-preserved (Fig. 2b). The sea-level equivalent volume of our LGM 204 

reconstruction (Fig. 2b), which is based mainly on an existing compilation of empirical 205 

evidence14 (Supplementary Note 1), closely matches the c. 100 m sea-level equivalent for the 206 

NH ice sheets that has been estimated by other studies39. The discrepancy between this estimate 207 

and the c. 130 m of sea-level equivalent that is suggested by the benthic δ18O stack (Fig. 2b) 208 

may be the result of potential inadequacies of current models in estimating glacial isostatic 209 

adjustments39 as well as the exclusion of Southern Hemisphere ice masses from our study.  210 

There is also broad agreement for the four sub-stages of MIS 5 (a–d), although our best-211 

estimates suggest that the NH ice sheets may have been slightly smaller than those of previous 212 

studies38,40. Our expectation is that future work might test and refine any discrepancies (e.g. at 213 

the local scale). Indeed, the one obvious discrepancy between our estimated ice volumes and 214 

the global sea-level curve occurs during MIS 3, when our reconstructions at four time-slices 215 

(45, 40, 35 and 30 ka) imply that ice sheets were considerably smaller and that, consequently, 216 

global sea level was substantially higher, possibly by as much as 30–40 m (Fig. 2b). To that 217 

end, we note that the sea-level curve derived by Pico et al.40 is more consistent with our 218 

estimated MIS 3 ice-sheet volumes (Fig. 2b). Our reconstructions therefore support a growing 219 

body of evidence11,41 that the NH ice sheets during MIS 3 may have been more limited in extent 220 

than previously thought, in the case of North America, or had almost entirely disappeared, in 221 

the case of Eurasia (Fig. 1e-h).  222 

 223 

Landscape evolution  224 

Combining our best-estimate reconstructions for the last c.1 Ma (Fig. 4) shows the 225 

number of times that each region was covered by ice during the 10 time-slices since the late 226 

Early Pleistocene sampled in this study. To account for the different lengths of these time-227 
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slices, only the largest reconstruction within MIS 3 (which spans time-slices 30, 35, 40 and 45 228 

ka) and within MIS 5 (which spans time-slices MIS 5a–d) were used. Areas that were ice-229 

covered during the two oldest Late Pliocene to Early Pleistocene time-slices, the early 230 

Matuyama (1.78–2.6 Ma) and late Gauss (2.6–3.6 Ma) magnetic chrons, were not included 231 

because these span such long time periods. Although areas could have been ice-covered during 232 

additional glaciations, this map provides a useful conceptual framework to interpret the 233 

landscape evolution of the NH.  234 

Regions shaded dark red were subject to glaciation 8–10 times through the last 1 Ma 235 

and were the main nucleation centres for the NH ice sheets42 (Fig. 4). For most of these interior 236 

or core regions, ice-sheet development was probably linked to mountainous terrain (e.g. Alaska 237 

Range, Coast Mountains, east Baffin Island, Scandinavian mountains). For example, the LIS 238 

is known to have initiated over the Arctic/sub-Arctic plateaux of eastern Canada, where only 239 

small changes in temperature caused large shifts in the ratio between the accumulation and 240 

ablation areas of the ice masses18. The comparatively long history of ice-sheet occupation has 241 

had a pronounced effect on these landscapes that supported ice-sheet inception, which are 242 

generally characterised by terrain typical of enduring glacial erosion, including extensive areas 243 

of areal scour in low relief and selective linear erosion in high relief coastal areas/fjords43,44. 244 

The erosion of regolith from these areas to expose harder crystalline bedrock with greater 245 

frictional resistance may have enabled Mid- to Late Pleistocene ice sheets to become thicker 246 

than their Early Pleistocene counterparts, contributing to the transition from predominantly 247 

low-amplitude, high-frequency (41 ka) ice-volume variations to high-amplitude, low-248 

frequency (100 ka) variations under similar orbital forcings45,46.  249 

In contrast, regions shaded light red to pink represent areas covered by ice sheets during 250 

only the most extensive ice-sheet advances (Fig. 4). These, generally lowland, landscapes (e.g. 251 

Canadian Interior Plains, southern North Sea, southwest Russia, southern West Siberian Plain) 252 

typically exhibit ice-marginal features associated with glacial deposition and glaciofluvial 253 

reworking, including widespread and often thick glacial deposits and glaciotectonic features47. 254 

Although some of the older ice-sheet reconstructions that informed Figure 4 are based, in part, 255 

on ice-sheet extents from younger time-slices, there is empirical evidence for NH ice sheets 256 

reaching a southerly position between ~0.4 and 1 Ma (MIS 12, 16 and 20–24) that was similar 257 

to younger glaciations24,26 (Supplementary Figures 8 and 9, Supplementary Tables 13–15). 258 

 Locations where ice sheets reached the continental shelf break during multiple 259 

Quaternary glaciations (e.g. Norwegian, Greenland, northern and eastern Canadian, and 260 
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Barents-Kara Sea margins) are also key sites of glacial deposition, as indicated by major (up 261 

to 1 km-thick) glacial-sedimentary depocentres, or trough-mouth fans, on the continental 262 

slope48,49. Ice advance also had a profound impact on continental hydrology and drainage 263 

patterns through the Quaternary. For example, in both North America and Eurasia, the 264 

formation of large ice-dammed lakes led to the re-routing of major drainage systems36,50, which 265 

affected climate and ocean circulation51. We hypothesise recurrent advances of the LIS and 266 

EIS to a similar position during several glaciations prior to the LGM (e.g. MIS 5d, 6, 12, 16) 267 

(Fig. 4), implying that proglacial lakes filled and drained repeatedly during earlier glacial 268 

periods.  269 

 270 

Discussion 271 

This paper and the accompanying online database provide a synthesis of empirical 272 

data and modelled outputs relating to pre-LGM ice sheets, and should be viewed as new 273 

hypotheses relating to the likely ice-sheet extent at key time intervals through the Quaternary 274 

(Fig. 1, Supplementary Figures 2–10). Our maps clearly highlight the varying spatial and 275 

temporal distribution of empirical evidence for pre-LGM ice sheets, and provide hypotheses 276 

of best-estimate ice-sheet configurations to be tested by future empirical and modelling 277 

efforts. The spatial differences in ice-sheet configuration that are illustrated both within and 278 

between glacial cycles (Fig. 3) illustrate the importance of using pre-LGM ice-sheet extents 279 

as input to earth systems and global climate models that span the Quaternary, and 280 

demonstrate the need to fully understand and model the time-transgressive nature of ice-sheet 281 

margins within glacial cycles. Further work incorporating ice-volume and ice-loading 282 

histories could usefully examine glacio-isostatic effects on relative sea level or how ice-sheet 283 

thicknesses perturb atmospheric circulation patterns. Our ice-sheet outlines could also be 284 

used to reconstruct the evolution of major proglacial lakes and changes in the routing of 285 

surface runoff through time52.  286 

The reconstructions also provide a dataset for further analysis of the development of 287 

mid- to high-latitude permafrost and vegetation changes during the Quaternary. In particular, 288 

the extent of glacial ice fringing Beringia potentially played a key role in determining the 289 

level of faunal and floral interchange between Eurasia and the Americas. Whilst this pathway 290 

was only closed during the LGM (because of the coalescence of the LIS and CIS: Fig. 3), the 291 

ice-sheet margins at other times, and the consequent climatic conditions in Beringia itself and 292 

in the corridor to North America, affected the role of this region as a refugium as well as the 293 
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level of exchange with the American interior53. With the increased ability to reconstruct 294 

changes in geneflow among populations using genomic data54 the diachronic view of the pan-295 

Beringian connection provided by our reconstructions offers a context to understand the ebb 296 

and flow of movement between Eurasia and the Americas by different species. 297 

 298 

Methods 299 

 300 

Data compilation  301 

The data (empirical evidence and numerical model outputs) were compiled through a 302 

literature search of published evidence for the spatial extent of NH Quaternary glaciation. 303 

Details of the source publication, methodology and age of glaciation were entered into a 304 

database (Supplementary Tables 1–17). Except for noting the error bounds for the reported 305 

age of glaciation derived from each publication, we do not assess the validity for each data 306 

source. We do this to be as transparent as possible in our methods and to avoid a further level 307 

of subjectivity. 308 

Our database includes evidence for NH glaciation that falls into 17 time-slices. These 309 

are: 30, 35, 40 and 45 ka, MIS 4 (58–72 ka), 5a (72–86 ka), 5b (86–92 ka), 5c (92–108 ka), 310 

5d (108–117 ka), 6 (132–190 ka), 8 (243–279 ka), 10 (337–365 ka), 12 (429–477 ka), 16 311 

(622–677 ka), and 20–24 (790–928 ka), the early Matuyama palaeo-magnetic Chron (1.78–312 

2.6 Ma), and the late Gauss palaeo-magnetic Chron (2.6–3.59 Ma) (Fig. 1). The bounding 313 

ages for each time-slice are from Railsback et al.22. These time-slices were chosen to reflect 314 

the varying amount and resolution of the available evidence for glaciation extent through the 315 

Quaternary.  316 

Our literature search was based on the following general principles. We mapped the 317 

changing ice-marginal position of the ice sheets and therefore did not include data points that 318 

are located well inside a suggested ice margin. In cases where the same author(s) have 319 

published multiple reconstructions for the same area, we used the most recent hypothesised 320 

ice-sheet extent. When using ice-sheet outlines that are derived from a synthesis of previously 321 

published empirical evidence32,55, we did not include all of the data points that informed the 322 

synthesised reconstruction. It is beyond the scope of this study to review all marine-323 

sedimentological evidence for ice sheets (i.e. ice-rafted debris (IRD)). Sedimentological and 324 

stratigraphic data (including marine seismic data) were used to supplement empirically 325 

derived and numerically modelled ice-sheet outlines and were particularly targeted for the 326 
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oldest time-slices (early Matuyama and late Gauss palaeo-magnetic Chrons), for which 327 

published ice-sheet outlines are scarce. 328 

We did not compile data for the ice extent at the relatively well-defined LGM, around 329 

26.5 ka13. Rather, a best-estimate reconstruction was derived mainly from the compilation of 330 

Ehlers et al.14, with modification of the ice-sheet limits in some areas (Fig. 1d, 331 

Supplementary Note 1). With the exception of MIS 3, 5a and 5c, for which some empirical 332 

data are available56-58, we do not provide ice-sheet reconstructions for 333 

interglacials/interstadials because of a paucity or absence of reported evidence for glaciation 334 

during these periods.  335 

Some empirical outlines and data points are included in more than one time-slice; for 336 

example, where the error bounds of an age estimate span multiple time-slices or where an age 337 

estimate lies on the boundary between two time-slices. For modelling results in which many 338 

reconstructions are available for each time-slice, we used the least extensive reconstruction 339 

(i.e. peak climatic warmth) for the relative warm intervals (e.g. MIS 5a and 5c), and the 340 

largest reconstruction (i.e. peak climatic coldness) for all other time-slices.  341 

 342 

Outline digitisation  343 

Data on the extent of glaciation during the Quaternary were digitised and 344 

georeferenced using Esri's ArcGIS software. Three types of data were digitised: empirical 345 

outlines of ice-sheet extent (coloured fill), which are often regional or ice-sheet wide; 346 

modelled outlines of ice-sheet extent (coloured lines), which are typically ice-sheet wide or 347 

span the NH; and point-source data (red circles) that show the former occupation of a site by 348 

ice (Supplementary Figures 2–10). We include published evidence for mountain glaciers, ice 349 

fields, ice caps and ice sheets in the raw data maps. Some empirical outlines were too small 350 

to georeference and were plotted as point-source data. Some of our raw data maps show more 351 

than one data point (red circle) for each previously published study; for example, where there 352 

are multiple data sites. Where many dates have been acquired from a relatively small area, we 353 

show a single data point in a representative location. Ice-marginal positions that are inferred 354 

from studies of IRD in sediment cores were included as point-source data. In these cases, the 355 

data point (red circle) was placed at the position that the core was taken, and an arrow shows 356 

the location that the ice was interpreted to have reached. Unless a glacial curve diagram is 357 

also included, the presence of IRD in a marine sediment core is taken to indicate that the ice 358 

sheet reached close to the present-day coastline. Only grounded ice sheets were mapped; we 359 

do not depict ice shelves, e.g. in the Arctic Ocean59. We did not plot the locations of areas in 360 
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which the absence of glaciation has been inferred. However, information on ice-free areas 361 

informed the best-estimate reconstructions and is included in the explanations that 362 

accompany the maps (Supplementary Notes 1–18). 363 

Our raw data maps (Fig. 1a, Supplementary Figures 2–10) were designed to be as 364 

objective as possible. No smoothing function was applied to the digitised outlines. As such, 365 

inaccuracies may have been inherited from the original data source and/or may originate from 366 

the digitising and georeferencing process. The raw data maps show the amount and 367 

distribution of published evidence for the general extent of the NH ice sheets during each 368 

time-slice: they should not be used for local-scale studies or as a substitute for the original 369 

source data. 370 

 371 

Maximum, minimum and best-estimate reconstructions 372 

We used a consistent methodological framework to produce maximum, minimum and 373 

best-estimate hypotheses of ice-sheet extent from the maps of previously published ice-sheet 374 

extents (Supplementary Figures 2–10). This approach builds upon that of Hughes et al.11, 375 

whose reconstructions of ice-sheet extent used maximum and minimum limits to represent 376 

uncertainty. The use of maximum, minimum and best-estimate reconstructions in our study 377 

provides a visual indictor of uncertainty and identifies regions and time-slices where future 378 

work should be directed.   379 

Although mountain glaciers, ice fields and ice caps developed in many high-relief 380 

areas of the NH during the Quaternary, including the Himalaya, the European Alps and the 381 

Rocky Mountains60-62, our maximum, minimum and best-estimate reconstructions were only 382 

performed for areas that have been suggested to have been covered by ice masses >50,000 383 

km² (i.e. ice sheets). This is because of the broad, hemispheric-scale, focus of our 384 

reconstructions and their implications for global sea level, as well as the uncertainties 385 

involved in reconstructing the extent of mountain glaciation through the Quaternary. The 386 

present-day ice cover is incorporated into our reconstructions in all cases apart from the 387 

minimum reconstructions for the relatively warm periods of 45 ka, MIS 5a, MIS 5c and the 388 

late Gauss palaeo-magnetic Chron. 389 

Our reconstructions aim to capture the maximum extent of each ice sheet within each 390 

time-slice, with the exception of the comparatively warm periods of 45 ka, MIS 5a and 5c for 391 

which we attempt to capture the peak warmth. The maximum extent of glaciation may have 392 

occurred at any time(s) within a time-slice; for example, for the long late Gauss palaeo-393 

magnetic Chron (2.6–3.6 Ma), the maximum extent of the EIS probably occurred close to the 394 
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youngest part of the time-slice, around 2.6–2.7 Ma. We do not capture variations in ice-sheet 395 

extent within a time-slice. For example, in the early Matuyama palaeo-magnetic Chron 396 

(1.78–2.6 Ma), our best-estimate reconstruction does not show evidence for a reduced GIS 397 

during an Early Pleistocene warm period around 2.4 Ma63,64.  398 

Details about the decisions made in reconstructing the maximum, minimum and best-399 

estimate ice-sheet extents for each separate time-slice are provided in Supplementary Notes 400 

1–18. In general, we used the empirical data where they are available, and the modelled ice-401 

sheet extent where empirical data are lacking. Detailed outlines were generally followed over 402 

coarser outlines, and we took the smaller ice-sheet option when uncertain.  403 

For regions and/or time-slices where empirical and modelled data are not available, a 404 

feasible ice-sheet extent was derived using the ice-sheet configuration from another time-405 

slice that has a similar value in the global δ18O record1 (Supplementary Notes 1–18). It 406 

should be noted that, in these cases, estimates of the eustatic sea-level equivalent represented 407 

by the cumulative volume of the ice sheets are not fully independent. This mainly affects the 408 

best-estimate reconstructions for the EIS in MIS 16 and the LIS in MIS 8, 10, 12 and 16. In 409 

some time-slices, we used the best-estimate reconstruction from another time-slice to 410 

constrain the maximum ice-sheet extent; for example, for the maximum reconstruction of the 411 

EIS at 40 ka, we followed the maximum modelled ice-sheet extent but did not allow this to be 412 

larger than the best-estimate LGM. Given the necessary uncertainties that arose from this 413 

exercise, robustness scores were developed to rank the reliability of each reconstruction (see 414 

below).  415 

To avoid unnecessary complexity, several ice-sheet templates were used for the ice 416 

extent in the North American Cordillera, Greenland, Iceland and NE Asia. There are six 417 

configurations for the CIS. The first configuration is the maximum Quaternary (pre-Reid) 418 

extent in Alaska65 and the Yukon66, combined with modelled MIS 6 outlines17,19 for the 419 

southern CIS margin. This outline is extended to the south to include ice in the Cascades and 420 

Rocky Mountains of North America, as in the LGM ice-extent template. The second 421 

configuration is the Reid limit of suggested MIS 4/MIS 6 age65,66. This outline is extended to 422 

the south to include ice in the Cascades and Rocky Mountains of North America, as in the 423 

LGM ice-extent template. The third configuration is the LGM ice-sheet extent of Ehlers et al.14, 424 

which is simplified in the central North American Cordillera. The fourth configuration is the 425 

regionally modelled ice-sheet extent at 30 ka from Seguinot et al.67. This outline is reduced 426 

slightly at its southern and eastern margin so that it does not extend beyond the LGM ice-extent 427 

template. The fifth configuration is schematic coastal mountain glaciation. The sixth 428 
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configuration is undefined mountain glaciers (no outline). In order to calculate the area of each 429 

ice sheet, the maximum reconstruction for the CIS was used to define the boundary between 430 

the CIS and the LIS.  431 

In Greenland, there are four ice-sheet configurations. The first configuration shows the 432 

ice sheet at the shelf-break. The second configuration shows the ice sheet on the inner- to mid-433 

shelf. Because of the narrow continental shelf around parts of Greenland, we do not 434 

differentiate between an inner-shelf or mid-shelf position. The third configuration is the 435 

present-day coastline. The fourth configuration is the present-day ice extent. There are three 436 

ice-mass configurations for Iceland. The first configuration shows shelf-break glaciation. The 437 

second configuration shows the ice sheet at the present-day coastline. The third configuration 438 

is the present-day ice extent. There are three configurations for ice masses in NE Asia. The 439 

first configuration is a combination of two reconstructions of maximum Quaternary ice-sheet 440 

extent30,31. The second configuration is the ice-sheet extent at the LGM31. The third 441 

configuration is undefined mountain glaciers/no ice sheet (no outline).  442 

It is interesting to note the generally poor alignment of the published numerical 443 

modelling results with the empirical evidence (Supplementary Figures 2–10). There are no 444 

clear patterns in terms of regions in which the models performed better or worse, and the 445 

models often show ice-sheet extents that are unfeasible (i.e. are beyond the all-time 446 

Quaternary maximum). Modelled ice-sheet limits are therefore not incorporated in most of 447 

our reconstructions. This further demonstrates the need for information about the extent of 448 

the Quaternary ice sheets to be used as input to earth systems and global climate models. 449 

Some of the models included in our compilation have been constructed or calibrated using 450 

existing empirical data about the ice margins and/or benthic δ18O stack, as described in 451 

Supplementary Tables 1–17. Although such model outputs could produce some circular 452 

reasoning, we note that our best-estimate hypotheses are rarely informed only by modelled 453 

outlines. 454 

Our ice-sheet reconstructions do not capture the time-transgressive nature of the ice-455 

sheet limit between different regions of the NH prior to the last glacial cycle (MIS 2–5d). 456 

Different ice masses reached their respective maxima at different times during the last glacial 457 

cycle; for example, ice in northern Eurasia and mountain glaciers in mid- to high-latitudes 458 

reached their maximum early in the last glacial cycle, whereas most of the LIS and the 459 

southern EIS reached their maximum close to the global LGM9. This pattern is likely to have 460 

also existed for ice sheets in older Quaternary glacial periods15. The mapping of time-461 
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transgressive ice margins, however, can only be achieved through the development of 462 

techniques to date older sediments at sub-stage resolution.  463 

Our maps of ice-sheet extent through the Quaternary show the sea level and 464 

topography of the present day (Fig. 1d–u). This is because of the uncertainty involved in 465 

calculating isostatic adjustments and rates of sediment erosion during the Quaternary. We 466 

recognise, though, that NH topography has changed significantly during this time, including 467 

as a consequence of the glacial erosion of mountain ranges and the progradation of the 468 

continental shelf through sediment delivery to marine margins68. 469 

Overall, our maximum, minimum and best-estimate reconstructions are necessarily 470 

subjective, but they provide the first systematic and consistent approximations of generalised 471 

NH ice-sheet extents through the Quaternary.  472 

 473 

Robustness scores 474 

 To aid interpretation of our maps, each best-estimate ice-sheet reconstruction has been 475 

allocated an overall robustness score (from 0 to 5) (Fig. 1d–u, Supplementary Figures 2–10). 476 

This score represents an average of the individual scores for each of the four main ice-sheet 477 

regions (EIS, LIS, CIS and NE Asia) during that time-slice. The robustness score for each ice 478 

sheet is a subjective assessment of the amount and reliability of the source data from which 479 

the ice-sheet extent was constructed. The scores are broadly defined as follows. First, a 480 

robustness score of 0 shows that no empirical or modelled data from this region are available 481 

for this time-slice; the ice-sheet extent is taken from a time-slice with a similar value in the 482 

global δ18O record1. Secondly, a robustness score of 1 suggests that modelled data are 483 

available and the ice-sheet extent may have been produced, in whole or in part, from a time-484 

slice with a similar value in the global δ18O record1, or the ice-sheet extent at another time-485 

slice may be used to constrain a modelled outline. Thirdly, a robustness score of 2 indicates 486 

that point-source empirical data or localised empirical outlines are available to inform the ice-487 

sheet extent. The ice-sheet extent at another time-slice may inform some of the 488 

reconstruction. Fourthly, a robustness score of 3 suggests that local empirical outlines or 489 

regional empirical outlines of contrasting extent inform the ice-sheet reconstruction. Fifthly, a 490 

robustness score of 4 suggests that a significant portion of the reconstructed ice-sheet margin 491 

is derived from empirical outlines. Finally, a robustness score of 5 suggests that almost all of 492 

the reconstructed ice-sheet margin is derived from empirical outlines that are in broad 493 

agreement. 494 
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The robustness scores of individual ice-sheet reconstructions vary considerably 495 

between time-slices. Lower scores are generally allocated to older time-slices, interstadial 496 

periods (e.g. 45 ka, MIS 5a and 5c), and glacial periods such as MIS 8 and 10 that occurred 497 

between glaciations of larger extent. These are the time-slices in which empirical evidence is 498 

typically poorly preserved and when modelling efforts are generally lacking.  499 

 500 

Area-volume scaling 501 

 We utilized a scaling power law that converts area (A) to volume (V) to estimate the 502 

contribution of individual NH ice sheets to global sea-level changes (i.e., eustatic sea-level 503 

changes) (Fig. 2b). The equation for the area-volume scaling is: 504 

 505 

(Eq. 1)             V= cAγ 506 

 507 

For the scaling exponent γ, 5/4 (= 1.25) is a widely accepted value for ice sheets69. 508 

The coefficient c was derived from outputs of three numerical ice-sheet modelling 509 

studies17,19,70, which have been used previously to synthesize pre-LGM NH ice-sheet 510 

configurations. For each ice sheet, different coefficients were calculated and are shown in 511 

Table 1. The agreement amongst the numerical models is best for the EIS and LIS, i.e., the 512 

standard deviation is smaller than 10%. Coefficient uncertainties are larger for the CIS, GIS 513 

and ice masses in NE Asia. However, compared to the EIS or the LIS, the overall area of 514 

these ice sheets is relatively small (see Fig. 2a) and so is the corresponding ice-sheet volume. 515 

Using equation (1) with the ice-sheet-specific scaling coefficient, c, the ice-sheet 516 

volumes and corresponding global sea-level contributions were calculated for each of the 517 

synthesised pre-LGM time-slices. For each time-slice, the volume for the best, minimum and 518 

maximum area estimates were translated into global sea-level change by dividing the ice-519 

sheet volume by the area of the world’s ocean, i.e., ~362 million km2. The final values for the 520 

best, minimum and maximum global sea-level contribution of the NH ice sheets are shown in 521 

Figure 2b. Note that for each stage prior to 45 ka, with the exception of MIS 5a and 5c for 522 

which we attempt to capture the peak warmth, the global sea-level contribution is placed at 523 

the global sea-level low stand in the stage. This decision was made based on the fact that the 524 

ice-sheet areas for each stage correspond to the aggregated maximum areas within that stage 525 

and not to the instantaneous ice-sheet extent at a specific point in time.  526 

Maximum global sea-level contributions of Antarctic ice sheets are not included in 527 

this study. The volume of these ice sheets prior to the LGM remains subject to large 528 
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uncertainties and published estimates range between 10 and 35 m, depending on the method 529 

applied21,71. However, if we assume that Antarctica’s sea-level contribution is linear with 530 

global sea-level changes, this value would have the same order of magnitude as the 531 

uncertainty that is associated with the Lisiecki and Raymo1 dataset, which is between 5 and 532 

22 m. 533 

The estimates of eustatic sea-level for MIS 8, 10 and 20–24 are not fully independent 534 

because parts of the ice-sheet extent for these periods were derived from the ice-sheet 535 

configuration during MIS 4 (which has a similar value in the global δ18O record to MIS 8, 10 536 

and 20–241). However, we note that our estimates of eustatic sea-level for MIS 3, which are 537 

up to 30–40 m higher than most previously published sea-level curves (Fig. 2b), are derived 538 

independently from the sea-level record.   539 

 540 

Data availability 541 

All maps and data sources are shown in Supplementary Figures 2–10 and Supplementary 542 

Tables 1–17. Shapefiles of our reconstructions, as well as the digitised and georeferenced 543 

empirical and modelled data, are available on the Open Science Framework 544 

[https://osf.io/7jen3/].  545 
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Figure 1. Hypothesised reconstructions of NH ice-sheet extent during the Quaternary. a, shows 759 

how data sources are compiled for the example time-slice of MIS 6 (132–190 ka). Data key is 760 

in Supplementary Table 10. b, shows maximum, minimum and best-estimate reconstructions 761 

of ice-sheet extent during MIS 6, which are derived from the data in a. The decisions made in 762 

producing these reconstructions are explained in Supplementary Note 11. c, is the benthic δ18O 763 

stack for the Pleistocene and Late Pliocene1. Blue and orange numbers show the marine isotope 764 

stages (MIS) corresponding with cool and warm periods, respectively, for which 765 

reconstructions of ice-sheet extent are produced in this study. d–u, are best-estimate 766 

reconstructions of NH ice-sheet extent for 18 time-slices through the Quaternary. The overall 767 

robustness score (Methods) for each time-slice reconstruction is shown in the bottom left 768 

corner. Black numbers are individual ice-sheet robustness scores. Background is ETOPO1 1 769 

arc-minute global relief model of Earth's surface (https://www.ngdc.noaa.gov/mgg/global/)72. 770 

Large versions of all maps are available in Supplementary Figures 2–10.  771 

 772 

Figure 2. Extent and cumulative ice volume of NH ice sheets. a, shows bar chart of ice-sheet 773 

extent at 18 time-slices through the Quaternary relative to present-day extent (0 ka), with each 774 

bar composed of individual ice-sheet extents. Bars with low-saturation colours are the 775 

comparatively warm intervals of MIS 3 and 5 and the present-day, whereas high-saturation 776 

bars show the maximum ice-sheet extent during full-glacial periods. b, shows the sea-level 777 

equivalent represented by the cumulative volume of the reconstructed NH ice sheets in this 778 

study (black bars), superimposed on previously published estimates of global sea level for the 779 

last 0.8 Ma. Black circles show the sea-level equivalent represented by our best-estimate 780 

reconstructions. Because our cumulative ice volumes assume that the NH ice sheets reached 781 

their maximum extent at the same time, our sea-level-equivalent estimates for the full-glacial 782 

periods of MIS 2, 4, 6, 8, 10, 12, 16 and 20–24 are plotted at the coldest point (lowest global 783 

sea level) within each of these time-slices. For the comparatively warm periods of MIS 5a and 784 

5c, for which we attempted to capture the peak warmth, our sea-level estimates are plotted at 785 

the warmest point (highest global sea level) within these time-slices.  786 

 787 

Figure 3. Comparison of NH ice-sheet extent during the last glacial cycle and MIS 6. a, shows 788 

a comparison of the reconstructed ice-sheet extent during the LGM and MIS 4. The orange fill 789 

shows areas that were covered by ice sheets during both the LGM and MIS 4. b, shows a 790 
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comparison of the reconstructed geographical maximum ice-sheet extent during the last glacial 791 

cycle (MIS 2–5d) and MIS 6. The purple fill shows areas that were covered by ice sheets during 792 

both the last glacial cycle (LGC) and MIS 6. Background is ETOPO1 1 arc-minute global relief 793 

model of Earth's surface72.   794 

 795 

Figure 4. Intensity map of the number of times that each region was covered by ice sheets, 796 

produced by overlaying the best-estimate ice-sheet reconstructions from MIS 2, 3, 4, 5, 6, 8, 797 

10, 12, 16 and 20–24. Regions shaded dark red were subject to glaciation 8–10 times through 798 

the last 1 Ma. Ice-sheet reconstructions for the early Matuyama (Early Pleistocene) and late 799 

Gauss magnetic chrons (Late Pliocene) are omitted because of the broad time-spans and high 800 

uncertainty of these reconstructions. Background is ETOPO1 1 arc-minute global relief model 801 

of Earth's surface72. 802 
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de Boer et al., 

(2014)19 

Ganopolski and 

Calov, (2011)17 

Zweck and 

Huybrechts, (2005)70 

Mean Std 

CIS 0.78 0.78 1.40 0.99 0.36 

EIS 0.89 0.88 0.77 0.85 0.07 

LIS 0.92 0.98 0.94 0.94 0.03 

GIS 0.92 1.12 1.17 1.07 0.14 

Others 0.38 0.58 0.71 0.56 0.17 

 911 

Table 1. Area-volume scaling coefficients, c, for the different NH ice sheets as calculated 912 

from the output of three numerical ice-sheet modelling studies. 913 

 914 
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Supplementary Information 

 

The configuration of Northern Hemisphere ice sheets through the Quaternary 

 

Batchelor et al. 

 

This document contains details of the data sources used to inform our reconstructions of 

the maximum, minimum and best-estimate Northern Hemisphere (NH) ice-sheet extents. For 

each time-slice, the following are included:  

• In Supplementary Figures, a raw data map showing the empirical and modelled data that 

were used to draw the ice-sheet reconstructions, alongside a map showing the 

hypothesised maximum, minimum and best-estimate ice-sheet extents. Supplementary 

Figure 1 shows the locations of the places mentioned in this document. 

• In Supplementary Tables, a table listing the empirical and modelled data that were used to 

draw the ice-sheet reconstructions.  

• In Supplementary Notes, explanatory text that details the decisions made in 

reconstructing the maximum, minimum and best-estimate ice-sheet extents. Overall and 

ice-sheet-wide robustness scores are also provided for each reconstruction. The 

robustness scores, which range from 0 (low) to 5 (high), are a subjective assessment of 

the amount and reliability of the source data from which the ice-sheet extent was 

constructed (Methods).  

Shapefiles of our reconstructions, as well as the digitised and georeferenced empirical and 

modelled data, are available on the Open Science Framework [https://osf.io/7jen3/]. 
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Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 1. Location map showing the places that are referred to in this document. Background is ETOPO1 1 arc-minute global 

relief model of Earth's surface1. 
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Supplementary Figure 2. Reconstructions of NH ice-sheet extent at 30 ka and 35 ka. a, compilation of previously published data on ice-sheet 

extent at 30 ka. b, maximum, minimum and best-estimate ice-sheet reconstruction for 30 ka. c, compilation of previously published data on ice-

sheet extent at 35 ka. d, maximum, minimum and best-estimate ice-sheet reconstruction for 35 ka. Colours in a and c correspond with those in 

Supplementary Tables 1 and 2. 
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Supplementary Figure 3. Reconstructions of NH ice-sheet extent at 40 ka and 45 ka. See Supplementary Tables 3 and 4 for key. a, compilation 

of published data on ice-sheet extent at 40 ka. b, maximum, minimum and best-estimate ice-sheet reconstruction for 40 ka. c, compilation of 

previously published data on ice-sheet extent at 45 ka. d, maximum, minimum and best-estimate ice-sheet reconstruction for 45 ka.  
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Supplementary Figure 4. Reconstructions of NH ice-sheet extent during MIS 4 (58–72 ka) and MIS 5a (72–86 ka). See Supplementary Tables 

5 and 6 for key. a, compilation of previously published data on ice-sheet extent during MIS 4. b, maximum, minimum and best-estimate ice-

sheet reconstruction for MIS 4. c, compilation of previously published data on ice-sheet extent during MIS 5a. d, maximum, minimum and best-

estimate ice-sheet reconstruction for MIS 5a.  
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Supplementary Figure 5. Reconstructions of NH ice-sheet extent during MIS 5b (86–92 ka) and MIS 5c (92–108 ka). See Supplementary 

Tables 7 and 8 for key. a, compilation of previously published data on ice-sheet extent during MIS 5b. b, maximum, minimum and best-estimate 

ice-sheet reconstruction for MIS 5b. c, compilation of previously published data on ice-sheet extent during MIS 5c. d, maximum, minimum and 

best-estimate ice-sheet reconstruction for MIS 5c. 
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Supplementary Figure 6. Reconstructions of NH ice-sheet extent during MIS 5d (108–117 ka) and MIS 6 (132–190 ka). See Supplementary 

Tables 9 and 10 for key. a, compilation of previously published data on ice-sheet extent during MIS 5d. b, maximum, minimum and best-

estimate ice-sheet reconstruction for MIS 5d. c, compilation of previously published data on ice-sheet extent during MIS 6. d, maximum, 

minimum and best-estimate ice-sheet reconstruction for MIS 6.  
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Supplementary Figure 7. Reconstructions of NH ice-sheet extent during MIS 8 (243–279 ka) and MIS 10 (337–365 ka). See Supplementary 

Tables 11 and 12 for key. a, compilation of previously published data on ice-sheet extent during MIS 8. b, maximum, minimum and best-

estimate ice-sheet reconstruction for MIS 8. c, compilation of previously published data on ice-sheet extent during MIS 10. d, maximum, 

minimum and best-estimate ice-sheet reconstruction for MIS 10.  
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Supplementary Figure 8. Reconstructions of NH ice-sheet extent during MIS 12 (429–477 ka) and MIS 16 (622–677 ka). See Supplementary 

Tables 13 and 14 for key. a, compilation of previously published data on ice-sheet extent during MIS 12. b, maximum, minimum and best-

estimate ice-sheet reconstruction for MIS 12. c, compilation of previously published data on ice-sheet extent during MIS 16. d, maximum, 

minimum and best-estimate ice-sheet reconstruction for MIS 16.  
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Supplementary Figure 9. Reconstructions of NH ice-sheet extent during MIS 20–24 (790–928 ka) and the early Matuyama magnetic Chron 

(1.78–2.6 Ma). See Supplementary Tables 15 and 16 for key. a, compilation of previously published data on ice-sheet extent during MIS 20–24. 

b, maximum, minimum and best-estimate ice-sheet reconstruction for MIS 20-24. c, compilation of previously published data on ice-sheet extent 

during the early Matuyama Chron. d, maximum, minimum and best-estimate ice-sheet reconstruction for the early Matuyama Chron.  
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Supplementary Figure 10. Reconstructions of NH ice-sheet extent during the late Gauss magnetic Chron (2.6–3.59 Ma). See Supplementary 

Table 17 for key. a, compilation of previously published data on ice-sheet extent during the late Gauss Chron. b, maximum, minimum and best-

estimate ice-sheet reconstruction for the late Gauss Chron. 
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Supplementary Tables 

30 ka 

Key Reference Data type  Details 

 Dyke et al., 20022 Empirical outline LIS; only main ice sheet shown  

 Houmark-Nielsen, 

20103 

Empirical outline Western EIS; spans MIS 3 

 Hughes et al., 20164 Empirical outline EIS; 30–32 ka 

 Kleman et al., 20105 Empirical outline LIS; late MIS 3 

 Larsen et al., 20096 Empirical outline Western EIS; 29–30 ka 

 Marks, 20127 Empirical outline EIS; tentative outlines for 29 ka and 33–37 ka 

 Olsen et al., 20138 Empirical outline Western EIS; 29–30 ka 

 Bonelli et al., 20099 Model  NH; spans 0–126 ka with 1 ka increments. 

Model driven by variations in orbital parameters 

and CO2 concentration. 

 de Boer et al., 201410 Model NH; spans 0–410 ka with 1 ka increments. Ice 

volume and temperature derived from benthic  

δ18O stack. 

 Ganopolski and Calov, 

201111 

Model NH; spans 0–800 ka with 1 ka increments.  

Model driven by variations in orbital parameters 

and CO2 concentration. 

 Heinemann et al., 

201412 

Model NH; spans 0–78 ka with 1 ka increments. Model 

driven by variations in orbital parameters and 

CO2 concentration. 

 Hubbard et al., 200913 Model Western EIS; timeslices from 35.95–11.65 ka.  

Model driven by NGRIP ice core δ18O curve 

and sea-level reconstruction. 

 Lambeck et al., 201014 Model Western EIS. Model constructed using existing 

empirical data. 

 Patton et al., 201715 Model Iceland; 31 ka. Model driven by temperature, 

precipitation and sea-level perturbations. 

 Seguinot et al., 201616 Model  CIS; 30 ka GRIP. Model driven by temperature 

offsets from proxy records and calibrated 

against existing empirical data. 

 Stokes et al., 201217 Model  CIS and LIS. Model calibrated against existing 

empirical data. 

 Zweck and 

Huybrechts, 200518 

Model NH; 30–120 ka with 10 k increments. Model 

parameters chosen to match empirical LGM ice 

extent. 

 Abramowski et al., 

200619 

Point-source High Asia; 10Be dating 

 Arzhannikhov et al., 

201520 

Point-source NE Asia; 10Be dating 

 Baumann et al., 199521 Glacial curve  Western EIS; IRD. 5 data points shown. 

 Chevalier et al., 201122 Point-source High Asia; 10Be dating 

 Hall, 201323 Point-source Western EIS; geomorphology suggests ice cap 

over Shetland Islands between 10 and 40 ka 

 Hibbert et al., 201024 IRD Western EIS 
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Key Reference Data type  Details 

 Lehmkuhl, 199825 Point-source High Asia; TL dating 

 Lekens et al., 200926  Glacial curve  Western EIS; based on seismic data and IRD 

 Li et al., 201427 Point-source High Asia; 10Be dating 

 Owen and Dortch, 

201428 

Point-source High Asia; TCN, OSL and 14C dating. 2 data 

points shown. 

 Owen et al., 201029 Point-source High Asia; 10Be dating 

 Stein et al., 199630 IRD East GIS; IRD, δ18O and 14C dating 

 Stübner et al., 201731 Point-source High Asia; 10Be dating 

 Thackray, 200832 Point-source LIS; 14C and 36Cl dating 

Supplementary Table 1. Published evidence for the spatial extent of Northern Hemisphere 

(NH) glaciation at 30 ka. IRD = ice-rafted debris; OSL = optically-stimulated luminescence; 

TCN = terrestrial cosmogenic nuclide; TL = thermoluminescence. Key corresponds with 

colours in Supplementary Figure 2a. 
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35 ka 

Key Reference Data type  Details 

 Arnold et al., 200233 Empirical outline Western EIS; minimum extent during MIS 3 

 Houmark-Nielsen, 20103 Empirical outline Western EIS; spans MIS 3 

  Hughes et al., 20164 Empirical outline EIS; 34–38 ka; min and max versions 

 Kleman et al., 20105 Empirical outline LIS 

 Larsen et al., 20096 Empirical outline Western EIS; 30–50 ka 

 Mangerud et al., 201134 Empirical outline Northern EIS; 35–38 ka 

 Marks, 20127 Empirical outline EIS; tentative outline for 33–37 ka 

 Obst et al., 201735 Empirical outline EIS; 30–34k  

 Olsen et al., 20138 Empirical outline Western EIS; 33 ka 

 Arnold et al., 200233 Model Western EIS; 36 ka. Model driven by GISP  

δ18O ice core record. 

 Bonelli et al., 20099 Model  NH; spans 0–126 ka with 1 ka increments.  

Model driven by variations in orbital 

parameters and CO2 concentration. 

 de Boer et al., 201410 Model NH; spans 0–410 ka with 1 ka increments. 

Ice volume and temperature derived from 

benthic δ18O stack. 

 Ganopolski and Calov, 

201111 

Model NH; spans 0–800 ka with 1 ka increments. 

Model driven by variations in orbital 

parameters and CO2 concentration. 

 Heinemann et al., 201412 Model NH; spans 0–78 ka with 1 ka increments. 

Model driven by variations in orbital 

parameters and CO2 concentration. 

 Hubbard et al., 200913 Model Western EIS; timeslices from 11.65–35.95 

ka. Model driven by NGRIP ice core δ18O 

curve and sea-level reconstruction. 

 Lambeck et al., 201014 Model Western EIS. Model constructed using 

existing empirical data. 

 Abramowski et al., 

200619 

Point-source High Asia; 10Be dating 

 Arzhannikhov et al., 

201520 

Point-source NE Asia; 10Be dating 

 Baumann et al., 199521 Glacial curve  Western EIS; IRD. 5 data points shown. 

 Chevalier et al., 201122 Point-source High Asia; 10Be dating 

 Hall, 201323 Point-source Western EIS; geomorphology suggests ice 

cap over Shetland Islands between 10 and 

40 ka 

 Hibbert et al., 201024 IRD Western EIS 

 Lehmkuhl, 199825 Point-source High Asia; TL dating 

 Lekens et al., 200926 Glacial curve Western EIS; based on seismic data and 

IRD 

 Murton, 201736 Point-source Western EIS; OSL and palaeomagnetic 

dating 

 Owen et al., 200337 Point-source High Asia; TCN and TL dating 

 Owen et al., 200938 Point-source High Asia; TCN and OSL dating 

 Owen et al., 201029 Point-source High Asia; 10Be dating 
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Key Reference Data type  Details 

 Rother et al., 201439 Point-source NE Asia; TCN dating 

 Stein et al., 199630 IRD East GIS; IRD, δ18O and 14C dating. 

 Syvitski et al., 199940 Seismic data Iceland; seismic data 

 Thackray, 200841 Point-source LIS; 14C and 36Cl dating 

Supplementary Table 2. Published evidence for the spatial extent of NH glaciation at 35 ka. 

Key corresponds with colours in Supplementary Figure 2c. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



18 

 

40 ka 

Key Reference Data type  Details 

 Arnold et al., 200233 Empirical outline Western EIS; minimum extent during MIS 3 

 Barr and Solomina, 

201541 

Empirical outline NE Asia 

  Dredge and Thorleifson, 

198742 

Empirical outline LIS; hypotheses for MIS 3 

 Houmark-Nielsen, 20103 Empirical outline Western EIS; spans MIS 3 

  Hughes et al., 20164 Empirical outline EIS; 34–38 ka; min and max versions 

 Kleman et al., 20105 Empirical outline LIS 

 Larsen et al., 20096 Empirical outline Western EIS; 30–50 ka 

  van Andel and Tzedakis, 

199643 

Empirical outline EIS; min and max versions 

 Arnold et al., 200233 Model Western EIS; 36 ka. Model driven by GISP  

δ18O ice core record. 

 Bonelli et al., 20099 Model  NH; spans 0–126 ka with 1 ka increments.  

Model driven by variations in orbital 

parameters and CO2 concentration. 

 de Boer et al., 201410 Model NH; spans 0–410 ka with 1 ka increments. 

Ice volume and temperature derived from 

benthic δ18O stack. 

 Ganopolski and Calov, 

201111 

Model NH; spans 0–800 ka with 1 ka increments. 

Model driven by variations in orbital 

parameters and CO2 concentration. 

 Heinemann et al., 201412 Model NH; spans 0–78 ka with 1 ka increments. 

Model driven by variations in orbital 

parameters and CO2 concentration. 

 Lambeck et al., 201014 Model Western EIS. Model constructed using 

existing empirical data. 

 Marshall et al., 200044 Model LIS and CIS. Model driven by GRIP δ18O ice 

core record and general circulation model. 

 Seguinot et al., 201616 Model CIS; 42.9 ka. Model driven by temperature 

offsets from proxy records and calibrated 

against existing empirical data. 

 Stokes et al., 201217 Model LIS and CIS. Model calibrated against 

existing empirical data. 

 Zweck and Huybrechts, 

200518 

Model NH; 30–120 ka with 10 ka increments. 

Model parameters chosen to match empirical 

LGM ice extent. 

 Abramowski et al., 

200619 

Point-source High Asia; 10Be dating 

 Arzhannikhov et al., 

201520 

Point-source NE Asia; 10Be dating 

 Baumann et al., 199521 Glacial curve  Western EIS; IRD. 5 data points shown. 

 Chevalier et al., 201122 Point-source High Asia; 10Be dating 

 Hall, 201323 Point-source Western EIS; geomorphology suggests ice 

cap over Shetland Islands between 10 and 40 

ka 
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Key Reference Data type  Details 

 Hibbert et al., 201024 IRD Western EIS 

 Lekens et al., 200926 Glacial curve  Western EIS; based on seismic data and IRD 

 Li et al., 201427 Point-source High Asia; 10Be dating 

 Murton, 201736 Point-source Western EIS; OSL and palaeomagnetic 

dating 

 Owen and Dortch, 201428 Point-source High Asia; TCN, OSL and 14C dating 

 Owen et al., 200337 Point-source High Asia; TCN and TL dating 

 Owen et al., 200938 Point-source High Asia; TCN and OSL dating 

 Owen et al., 201029 Point-source High Asia; 10Be dating 

 Rother et al., 201439 Point-source NE Asia; TCN dating 

 Stübner et al., 201731 Point-source High Asia; 10Be dating 

 Thackray, 200832 Point-source LIS; 14C and 36Cl dating 

 Zhao et al., 200945 Point-source High Asia; ESR dating 

 Zhao et al., 201346 Point-source High Asia; ESR and OSL dating 

 

Supplementary Table 3. Published evidence for the spatial extent of NH glaciation at 40 ka.  

ERS = electron spin resonance. Key corresponds with colours in Supplementary Figure 3a. 

 

 

 

 

 

 

 

 

 

 

 



20 

 

45 ka 

Key Reference Data type  Details 

 Arnold et al., 200233 Empirical outline Western EIS; minimum extent during MIS 3 

  Dredge and 

Thorleifson, 198742 

Empirical outline LIS; hypotheses for MIS 3 

 Helmens, 201447 Empirical outline Western EIS; early MIS 3 

 Houmark-Nielsen, 

20103 

Empirical outline Western EIS; spans MIS 3 

 Larsen et al., 200646 Empirical outline EIS; 45–55 ka 

 Larsen et al., 20096 Empirical outline Western EIS; 30–50 ka 

 Obst et al., 201735 Empirical outline Western EIS; 46–56 ka 

 Olsen et al., 20138 Empirical outline Western EIS; 44 ka 

 Arnold et al., 200231 Model Western EIS; 36 ka. Model driven by GISP  

δ18O ice core record. 

 Bonelli et al., 20099 Model  NH; spans 0–126 ka with 1 ka increments.  

Model driven by variations in orbital parameters 

and CO2 concentration. 

 de Boer et al., 201410 Model NH; spans 0–410 ka with 1 ka increments. Ice 

volume and temperature derived from benthic 

δ18O stack.  

 Ganopolski and 

Calov, 201111 

Model NH; spans 0–800 ka with 1 ka increments.  

Model driven by variations in orbital parameters 

and CO2 concentration. 

 Heinemann et al., 

201412 

Model NH; spans 0–78 ka with 1 ka increments. Model 

driven by variations in orbital parameters and 

CO2 concentration. 

 Lambeck et al., 

201014 

Model Western EIS. Model constructed using existing 

empirical data. 

 Seguinot et al., 201616 Model CIS; 45.9 ka. Model driven by temperature 

offsets from proxy records and calibrated 

against existing empirical data. 

 Stokes et al., 201217 Model LIS and CIS. Model calibrated against existing 

empirical data. 

 Abramowski et al., 

200619 

Point-source High Asia; 10Be dating 

 Arzhannikhov et al., 

201520 

Point-source NE Asia; 10Be dating 

 Baumann et al., 

199521 

Glacial curve  Western Norway; IRD. 5 data points shown. 

 Hibbert et al., 201024 IRD Western EIS 

 Lekens et al., 200926 Glacial curve  Western EIS; based on seismic data and IRD 

 Owen and Dortch, 

201428 

Point-source High Asia; TCN, OSL and 14C dating. 2 data 

points shown. 

 Owen et al., 200649 Point-source High Asia; TCN dating 

 Owen et al., 201029 Point-source High Asia; 10Be dating 

 Stübner et al., 201731 Point-source High Asia; 10Be dating 

 Zhao et al., 200945 Point-source High Asia; ESR dating 

 Zhao et al., 201346 Point-source High Asia; ESR and OSL dating 
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Supplementary Table 4. Published evidence for the spatial extent of NH glaciation at 45 ka. 

IRSL = infrared stimulated luminescence. Key corresponds with colours in Supplementary 

Figure 3c. 
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MIS 4 (58–72 ka) 

Key Reference Data type  Details 

 Arnold et al., 200233 Empirical outline Western EIS 

 Astakhov, 201852 Empirical outline Eastern EIS; 70–90 ka 

 Astakhov et al., 201653 Empirical outline Eastern EIS; 50–60 ka 

 Carr et al., 200654 Empirical outline Western EIS; tentative extent 

 Glushkova, 201155 Empirical outline NE Asia 

 Helmens, 201447 Empirical outline EIS  

 Hjort, 198156 Empirical outline Northeast GIS; tentative glacial limits  

 Houmark-Nielsen, 

20103 

Empirical outline Western EIS; 46–56 ka 

 Kaufman et al., 201157 Empirical outline CIS; outline may be MIS 6 in places 

 Kleman et al., 20105 Empirical outline LIS; includes extrapolations based on 

topography 

 Kleman et al., 201358 Empirical outline EIS 

 Larsen et al., 200648 Empirical outline EIS; 65–70 ka 

 Larsen et al., 20096 Empirical outline Western EIS; 50–55 ka 

 Lundqvist, 200459 Empirical outline Western EIS; 65 ka 

 Mangerud et al., 

201134 

Empirical outline Western EIS; 55–60 ka 

 Möller et al., 201560 Empirical outline Eastern EIS 

 Obst et al., 201735 Empirical outline Western EIS; 46–56 ka 

 Olsen et al., 20138 Empirical outline Western EIS; 65 ka 

 Rolfe et al., 201261 Empirical outline Western EIS; tentative extent 

 Svendsen et al., 200462 Empirical outline EIS  

 Svendsen et al., 201463 Empirical outline Eastern EIS 

 Turner et al., 201664 Empirical outline CIS; MIS 4 and MIS 6 extents not differentiated 

  van Andel and 

Tzedakis, 199643 

Empirical outline Western EIS; includes min and max versions 

 Bonelli et al., 20099 Model  NH; spans 0–126 ka with 1 ka increments.  

Model driven by variations in orbital parameters 

and CO2 concentration. 

 de Boer et al., 201410 Model NH; spans 0–410 ka with 1 ka increments. Ice 

volume and temperature derived from benthic 

δ18O stack. 

 Ganopolski and Calov, 

201111 

Model NH; spans 0–800 ka with 1 ka increments. 

Model driven by variations in orbital parameters 

and CO2 concentration. 

 Heinemann et al., 

201412 

Model NH; spans 0–78 ka with 1 ka increments. Model 

driven by variations in orbital parameters and 

CO2 concentration. 

 Kleman et al., 200265 Model LIS and CIS; 70 ka. Model driven by GRIP 

δ18O ice core record and tuned to fit existing 

empirical data. 

 Kleman et al., 201358 Model NH; 64 ka. Model constrained by existing 

empirical data. 

 Lambeck et al., 201014 Model Western EIS. Model constructed using existing 

empirical data. 
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Key Reference Data type  Details 

 Marshall et al., 200044 Model LIS and CIS; 60 ka. Model driven by GRIP 

δ18O ice core record and general circulation 

model. 

 Seguinot et al., 201616 Model  CIS; 60 ka. Model driven by temperature offsets 

from proxy records and calibrated against 

existing empirical data. 

 Stokes et al., 201217 Model  CIS and LIS. Model calibrated against existing 

empirical data. 

 Zweck and 

Huybrechts, 200518 

Model NH; 30–120 ka with 10 ka increments. Model 

parameters chosen to match empirical LGM ice 

extent. 

 Abramowski et al., 

200619 

Point-source High Asia; 10Be dating 

 Arzhannikhov et al., 

201520 

Point-source NE Asia; 10Be dating 

 Baumann et al., 199521 Glacial curve  Western EIS; IRD. 5 data points shown. 

 Chevalier et al., 201122 Point-source High Asia; 10Be dating 

 Davies, 200866 Point-source Western EIS; OSL dating  

 Eccleshall et al., 

201667 

Glacial curve EIS; OSL dating  

 Grin et al., 201668 Point-source High Asia; overview of regional glaciations 

 Hall and Shroba, 

199569 

Point-source US mountains; soil properties 

 Hibbert et al., 201024 IRD Western EIS 

 Houmark-Nielsen, 

20103 

Point-source Western EIS; OSL and 14C dating. 3 data points 

shown. 

 Li et al., 201427 Point-source High Asia; 10Be dating 

 Owen and Dortch, 

201428 

Point-source High Asia; TCN, OSL and 14C dating. 2 data 

points shown. 

 Owen et al., 200649 Point-source High Asia; TCN dating 

 Owen et al., 201029 Point-source High Asia; 10Be dating 

 Sejrup et al., 200070 Glacial curve  Western EIS; from seismic data 

 Sejrup et al., 200571 Glacial curve  Western EIS; glacial curves from seismic 

profiles 

 Stauch and Lehmkuhl, 

201050 

Point-source NE Asia; IRSL dating 

 Stein et al., 199630 IRD East GIS; IRD, δ18O and 14C dating. 

 Stewart and Lonergan, 

201172 

Seismic data Western EIS; seismic data 

 Stübner et al., 201731 Point-source High Asia; 10Be dating 

 Thackray, 200832 Point-source LIS; 14C and 36Cl dating 

 Ward et al., 200751 Point-source CIS; TCN dating 

 Winkelmann et al., 

200873 

Glacial curve  EIS; based on IRD 

 Zech et al., 201174 Point-source NE Asia; IRSL dating 

 Zech et al., 201375 Point-source High Asia; 10Be dating 

 Zhao et al., 200945 Point-source High Asia; ERS dating 

 Zhao et al., 201346 Point-source High Asia; ERS and OSL dating 
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Supplementary Table 5. Published evidence for the spatial extent of NH glaciation during 

MIS 4. Key corresponds with colours in Supplementary Figure 4a. 
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MIS 5a (72–86 ka) 

Key Reference Data type  Details 

 Mangerud et al., 201134 Empirical outline Western EIS; Odderade interstadial, 80 ka 

 Olsen et al., 20138 Empirical outline Western EIS; 80 ka 

 Bonelli et al., 20099 Model  NH; spans 0–126 ka with 1 ka increments.  

Model driven by variations in orbital 

parameters and CO2 concentration. 

 de Boer et al., 201410 Model NH; spans 0–410 ka with 1 ka increments. Ice 

volume and temperature derived from benthic 

δ18O stack. 

 Ganopolski and Calov, 

201111 

Model NH; spans 0–800 ka with 1 ka increments.  

Model driven by variations in orbital 

parameters and CO2 concentration. 

 Heinemann et al., 

201412 

Model NH; spans 0–78 ka with 1 ka increments. 

Model driven by variations in orbital 

parameters and CO2 concentration. 

 Kleman et al., 200265 Model LIS and CIS; 84 ka. Model driven by GRIP 

δ18O ice core record and tuned to fit existing 

empirical data. 

 Lambeck et al., 200676 Model Western EIS; 85 ka. Model constructed using 

existing empirical data. 

 Marshall et al., 200044 Model LIS and CIS; 80 ka. Model driven by GRIP 

δ18O ice core record and general circulation 

model. 

 Stokes et al., 201217 Model  CIS and LIS; 80 ka. Model calibrated against 

existing empirical data. 

 Zweck and Huybrechts, 

200518 

Model NH; 30–120 ka with 10 ka increments. Model 

parameters chosen to match empirical LGM 

ice extent. 

 Abramowski et al., 

200619 

Point-source High Asia; 10Be dating 

 Arzhannikhov et al., 

201520 

Point-source NE Asia; 10Be dating 

 Baumann et al., 199521 Glacial curve  Western EIS; IRD. 5 data points shown. 

 Blomdin et al., 201677 Point-source High Asia; 10Be dating 

 Chevalier et al., 201122 Point-source High Asia; 10Be dating 

 Fu et al., 201378 Point-source High Asia; 10Be dating 

 Grin et al., 201668 Point-source High Asia; overview of regional glaciations 

 Lekens et al., 200926 Glacial curve  Western EIS; based on seismic data and IRD 

 Li et al., 201427 Point-source High Asia; 10Be dating 

 Owen and Dortch, 

201428 

Point-source High Asia; TCN, OSL and 14C dating. 2 data 

points shown. 

 Owen et al., 201029 Point-source High Asia; 10Be dating 

 Stübner et al., 201731 Point-source High Asia; 10Be dating 

 Thackray, 200832 Point-source LIS; 14C and 36Cl dating 

 Zhao et al., 201346 Point-source High Asia; ERS and OSL dating 

 Zhao et al., 201580 Point-source High Asia; ERS dating 
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Supplementary Table 6. Published evidence for the spatial extent of NH glaciation during 

MIS 5a. Key corresponds with colours in Supplementary Figure 4c. 
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MIS 5b (86–92 ka) 

Key Reference Data type  Details 

 Astakhov, 200481 Empirical outline Eastern EIS; Early Weichselian limit 

 Astakhov, 201852 Empirical outline Eastern EIS; 70–90 ka 

 Astakhov et al., 201653 Empirical outline Eastern EIS; 80–90 ka 

 Helmens, 201447 Empirical outline Western EIS 

 Hjort, 198156 Empirical outline Tentative glacial limits in northern East GIS 

 Kleman et al., 20105 Empirical outline LIS; MIS 5b or d 

 Mangerud et al., 201134 Empirical outline EIS; 90 ka 

 Olsen et al., 20138 Empirical outline Western EIS; 90 ka 

 Svendsen et al., 200462 Empirical outline EIS; 90 ka 

 Bonelli et al., 20099 Model  NH; spans 0–126 ka with 1 ka increments.  

Model driven by variations in orbital 

parameters and CO2 concentration. 

 de Boer et al., 201410 Model NH; spans 0–410 ka with 1 ka increments. Ice 

volume and temperature derived from benthic 

δ18O stack. 

 Ganopolski and Calov, 

201111 

Model NH; spans 0–800 ka with 1 ka increments. 

Model driven by variations in orbital 

parameters and CO2 concentration. 

 Kleman et al., 200265 Model LIS and CIS; 90 ka. Model driven by GRIP 

δ18O ice core record and tuned to fit existing 

empirical data.  

 Kleman et al., 201358 Model NH; 86.2 ka. Model constrained by existing 

empirical data. 

 Lambeck et al., 200676 Model Western EIS; 94 ka. Model constructed using 

existing empirical data. 

 Stokes et al., 201217 Model  CIS and LIS; 90 ka. Model calibrated against 

existing empirical data. 

 Zweck and Huybrechts, 

200518 

Model NH; 30–120 ka with 10 ka increments. Model 

parameters chosen to match empirical LGM ice 

extent. 

 Arzhannikhov et al., 

201520 

Point-source NE Asia; 10Be dating 

 Baumann et al., 199521 Glacial curve  Western EIS; IRD. 5 data points shown. 

 Eccleshall et al., 201667 Glacial curve Western EIS; glacial curve based on OSL 

dating 

 Fu et al., 201378 Point-source High Asia; 10Be dating 

 Funder et al., 199882 Point-source Eastern GIS; sedimentology, IRD and 

luminescence dating 

 Grin et al., 201668 Point-source High Asia; overview of regional glaciations 

 Lekens et al., 200926  Glacial curve  Western EIS; based on seismic data and IRD 

 Owen and Dortch, 

201428 

Point-source High Asia; TCN, OSL and 14C dating. 2 data 

points shown. 

 Owen et al., 201029 Point-source High Asia; 10Be dating 

 Stauch and Lehmkuhl, 

201050 

Point-source NE Asia; IRSL dating 

 Thackray, 200832 Point-source LIS; 14C and 36Cl dating 
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Key Reference Data type  Details 

 Zhao et al., 201580 Point-source High Asia; ERS dating 

Supplementary Table 7. Published evidence for the spatial extent of NH glaciation during 

MIS 5b. Key corresponds with colours in Supplementary Figure 5a. 
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MIS 5c (92–108 ka) 

Key Reference Data type  Details 

 Larsen et al., 200648 Empirical outline EIS; 90–100 ka 

 Lundqvist, 200459 Empirical outline EIS; 100 ka 

 Mangerud et al., 201134 Empirical outline EIS; 100 ka 

 Möller et al., 201560 Empirical outline Eastern EIS; MIS 5c–d 

 Olsen et al., 20138 Empirical outline Western EIS; 100 ka 

 Bonelli et al., 20099 Model  NH; spans 0–126 ka with 1 ka increments.  

Model driven by variations in orbital 

parameters and CO2 concentration. 

 de Boer et al., 201410 Model NH; spans 0–410 ka with 1 ka increments. Ice 

volume and temperature derived from benthic 

δ18O stack. 

 Ganopolski and Calov, 

201111 

Model NH; spans 0–800 ka with 1 ka increments.  

Model driven by variations in orbital 

parameters and CO2 concentration. 

 Lambeck et al., 200676 Model EIS; 106 ka. Model constructed using 

existing empirical data. 

 Stokes et al., 201217 Model  CIS and LIS; 100 ka. Model calibrated 

against existing empirical data. 

 Zweck and Huybrechts, 

200518 

Model NH; 30–120 ka with 10 ka increments. Model 

parameters chosen to match empirical LGM 

ice extent. 

 Abramowski et al., 

200619 

Point-source High Asia; 10Be dating 

 Arzhannikhov et al., 

201520 

Point-source NE Asia; 10Be dating 

 Baumann et al., 199521 Glacial curve  Western EIS; IRD. 5 data points shown. 

 Fu et al., 201378 Point-source High Asia; 10Be dating 

 Grin et al., 201668 Point-source High Asia; overview of regional glaciations 

 Lehmkuhl, 199825 Point-source High Asia; TL dating 

 Owen and Dortch, 

201428 

Point-source High Asia; TCN, OSL and 14C dating 

 Owen et al., 201029 Point-source High Asia; 10Be dating 

 Thackray, 200832 Point-source LIS; 14C and 36Cl dating 
 

Supplementary Table 8. Published evidence for the spatial extent of NH glaciation during 

MIS 5c. Key corresponds with colours in Supplementary Figure 5c. 
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MIS 5d (108–117 ka) 

Key Reference Data type  Details 

 Helmens, 201447 Empirical outline EIS 

 Kleman et al., 20105 Empirical outline LIS; MIS 5b or 5d 

 Lundqvist, 200459 Empirical outline EIS; 110 ka 

 Mangerud et al., 201134 Empirical outline EIS; 110 ka 

 Möller et al., 201560 Empirical outline Eastern EIS; MIS 5c–d 

 Olsen et al., 20138 Empirical outline Western EIS; 110 ka 

 Bonelli et al., 20099 Model  NH; spans 0–126 ka with 1 ka increments.  

Model driven by variations in orbital parameters 

and CO2 concentration. 

 de Boer et al., 201410 Model NH; spans 0–410 ka with 1 ka increments. Ice 

volume and temperature derived from benthic 

δ18O stack. 

 Ganopolski and Calov, 

201111 

Model NH; spans 0–800 ka with 1 ka increments. 

Model driven by variations in orbital parameters 

and CO2 concentration. 

 Lambeck et al., 200676 Model EIS; 106 ka. Model constructed using existing 

empirical data. 

 Marshall et al., 200044 Model LIS and CIS; 110 ka. Model driven by GRIP 

δ18O ice core record and general circulation 

model. 

 Stokes et al., 201217 Model  CIS and LIS; 110 ka. Model calibrated against 

existing empirical data. 

 Zweck and Huybrechts, 

200518 

Model NH; 30–120 ka with 10 ka increments. Model 

parameters chosen to match empirical LGM ice 

extent. 

 Arzhannikhov et al., 

201520 

Point-source NE Asia; 10Be dating 

 Baumann et al., 199521 Glacial curve  Western EIS; IRD. 5 data points shown. 

 Chadwick et al., 199783 Point-source US mountains; 14C and 36Cl dating 

 Eccleshall et al., 201667 Glacial curve  Western EIS; based on OSL dating 

 Fu et al., 201378 Point-source High Asia; 10Be dating 

 Funder, 198984 Point-source Northwest GIS; sedimentology, luminescence 

and 14C dating. 

 Funder et al., 199882 Point-source Eastern GIS; glaciation at around 114 ka, from 

sedimentology, IRD and luminescence dating.  

 Grin et al., 201668 Point-source High Asia; overview of regional glaciations 

 Karabanov et al., 

199885 

Point-source Russia, TL dating 

 Lekens et al., 200926 Glacial curve  Western EIS; based on seismic data and IRD 

 Owen and Dortch, 

201428 

Point-source High Asia; TCN, OSL and 14C dating. 2 data 

points shown. 

 Owen et al., 201029 Point-source High Asia; 10Be dating 

 Phillips et al., 199786 Point-source US mountains; 14C and 36Cl dating 

 Stauch and Lehmkuhl, 

201050 

Point-source NE Asia; IRSL dating 

 Stein et al., 199630 IRD East GIS; IRD, δ18O and 14C dating 
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Key Reference Data type  Details 

 Stübner et al., 201731 Point-source High Asia; 10Be dating 

 Thackray, 200832 Point-source LIS; 14C and 36Cl dating 

 Zech et al., 201174 Point-source NE Asia; IRSL dating 

Supplementary Table 9. Published evidence for the spatial extent of NH glaciation during 

MIS 5d. Key corresponds with colours in Supplementary Figure 6a. 
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MIS 6 (132–190 ka) 

Key Reference Data type  Details 

 Astakhov et al., 201653 Empirical outline Eastern EIS 

 Balco and Rovey, 

201087 

Empirical outline LIS; TCN dating suggests 3 ice advances 

between 0.2 and 0.75 Ma 

 Barendregt et al., 

201488 

Empirical outline LIS and CIS; constrained by palaeomagnetic 

data 

 Barr and Solomina, 

201541 

Empirical outline NE Asia 

 Basilian et al., 200889 Empirical outline Arctic Ocean 

 Böse et al., 201290 Empirical outline Western EIS 

 Curry et al., 201191 Empirical outline LIS 

 Ehlers et al., 199092 Empirical outline EIS 

 Ehlers et al., 201193 Empirical outline EIS 

 Eissmann, 200294 Empirical outline EIS 

 Gibbard and Clark, 

201195 

Empirical outline Western EIS 

 Gozhik et al., 201096 Empirical outline EIS 

 Hamblin et al., 200597 Empirical outline Western EIS 

 Hughes and Gibbard, 

201898 

Empirical outline EIS 

 Jackson et al., 201199 Empirical outline LIS 

 Jakobsson et al., 

2008100 

Empirical outline Arctic Ocean 

 Laban and van der 

Meer, 2011101 

Empirical outline Western EIS 

 Marks, 2005102 Empirical outline EIS; Saalian 1 (Odranian) 

 Marks, 2011103 Empirical outline Eastern EIS 

 Marks et al., 2018104 Empirical outline EIS 

 Möller et al., 201560 Empirical outline Eastern EIS; Urdachsk and Sampesa moraines 

 Niessen et al., 2013105 Empirical outline Arctic Ocean 

 Roskosch et al., 2015106 Empirical outline EIS 

 Svendsen et al., 200462 Empirical outline EIS 

 Turner et al., 201664 Empirical outline CIS; MIS 4 and/or 6 

 Colleoni et al., 2016107 Model NE Asia. Ice-sheet model forced by coupled 

atmosphere-ocean-sea-ice-land model. 

 de Boer et al., 201410 Model NH; spans 0–410 ka with 1 ka increments. Ice 

volume and temperature derived from benthic 

δ18O stack. 

 Ganopolski and Calov, 

201111 

Model NH; spans 0–800 ka with 1 ka increments. 

Model driven by variations in orbital parameters 

and CO2 concentration. 

 Lambeck et al., 200676 Model EIS; 106 ka. Model constructed using existing 

empirical data. 

 Peltier, 2004108 Model LIS; Colleoni et al. (2016)106 use the 13 ka LIS 

of Peltier (2004)107 to show a small LIS during 

MIS 6. 

 Anderson et al., 2012109 Point-source US Mountains; geomorphological mapping 
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Key Reference Data type  Details 

 Barendregt et al., 

201488 

Point-source LIS and CIS; spans 0.13–0.78 Ma. 37 data 

points shown. 

 Baumann et al., 199521 Glacial curve  Western EIS; IRD. 5 data points shown. 

 Chadwick et al., 199783 Point-source US mountains; 14C and 36Cl dating 

 Chevalier et al., 201122 Point-source High Asia; 10Be dating 

 Dahlgren et al., 2002110 Glacial curve  Western EIS; based on seismic data 

 Eccleshall et al., 201667 Glacial curve  Western EIS; based on OSL dating 

 Eissmann, 200294 Point-source Western EIS; stratigraphy 

 Fu et al., 201378 Point-source High Asia; 10Be dating 

 Funder, 198984 Point-source Northwest GIS; sedimentology, luminescence 

and 14C dating. 

 Funder et al., 199882 Point-source Eastern GIS; sedimentology, IRD and 

luminescence dating. 

 Geirsdóttir et al., 

2007111 

Point-source Iceland; sedimentology and K–Ar dating 

 Hall and Shroba, 199569 Point-source US mountains; soil properties 

 Hibbert et al., 201024 IRD Western EIS 

 Hjelstuen et al., 2005112 Seismic data Western EIS; seismic stratigraphy  

 Kuhle, 2007113 Point-source High Asia; geomorphological mapping 

 Lehmkuhl, 199825 Point-source High Asia; TL dating 

 Lekens et al., 200926  Glacial curve  Western EIS; based on seismic data and IRD 

 Li et al., 201427 Point-source High Asia; 10Be dating 

 Licciardi and Pierce, 

2008114 

Point-source US mountains; 10Be dating 

 Montelli et al., 2017115 Seismic data Western EIS; seismic stratigraphy  

 Nielsen and Kuijpers, 

2013116 

Seismic data Southwest GIS; seismic stratigraphy  

 Nikolskiy et al., 

2017117 

Point-source NE Asia; <190–210 ka 

 O’Regan et al., 2017118 Seismic data NE Asia; seismic stratigraphy 

 Owen and Dortch, 

201428 

Point-source High Asia; TCN, OSL and 14C dating. 2 data 

points shown. 

 Owen et al., 200649 Point-source High Asia; TCN dating 

 Owen et al., 201029 Point-source High Asia; 10Be dating 

 Phillips et al., 199786 Point-source US Mountains; 10Be and 36Cl dating 

 Sejrup et al., 200070 Glacial curve  Western EIS; from seismic data 

 Sejrup et al., 200571 Glacial curve  Western EIS; from seismic data 

 Stauch and Lehmkuhl, 

201050 

Point-source NE Asia; IRSL dating 

 Stein et al., 199630 IRD East GIS; IRD, δ18O and 14C dating. 

 Stewart and Lonergan, 

201172 

Seismic data Western EIS; seismic stratigraphy  

 Strunk et al., 2017119 Glacial curve West GIS; modelling and 10Be–26Al dating. 4 

data points shown. 

 Stübner et al., 201731 Point-source High Asia; 10Be dating 

 Vorren and Laberg, 

1997120 

Seismic data EIS 

 Zech et al., 201174 Point-source NE Asia; Sedimentology and IRSL dating 
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Key Reference Data type  Details 

 Zhao et al., 200945 Point-source High Asia; ESR dating 

 Zhao et al., 201346 Point-source High Asia; ESR and OSL dating 

 Zhao et al., 201580 Point-source High Asia; ESR dating 

Supplementary Table 10. Published evidence for the spatial extent of NH glaciation during 

MIS 6. Key corresponds with colours in Supplementary Figure 6c. 
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MIS 8 (243–279 ka) 

Key Reference Data type  Details 

 Astakhov et al., 201653 Empirical outline Eastern EIS; Samarovo limit  

 Balco and Rovey, 

201087 

Empirical outline LIS; TCN dating suggests 3 ice advances 

between 0.2 and 0.75 Ma 

 Hughes and Gibbard, 

201898 

Empirical outline EIS 

 Marks, 2011103 Empirical outline EIS; Krznanian limit 

 White et al., 2010121 Empirical outline Western EIS 

 White et al., 2017122 Empirical outline Western EIS 

 de Boer et al., 201410 Model NH; spans 0–410 ka with 1 ka increments.   

Ice volume and temperature derived from 

benthic δ18O stack. 

 Ganopolski and Calov, 

201111 

Model NH; spans 0–800 ka with 1 ka increments. 

Model driven by variations in orbital parameters 

and CO2 concentration. 

 Beets et al., 2005123 Point-source Western EIS; seismic profiles and AAR dating 

 Chevalier et al., 201122 Point-source High Asia; 10Be dating 

 Dahlgren et al., 2002110 Glacial curve  Western EIS; based on seismic data 

 Geirsdóttir et al., 

2007111 

Point-source Iceland; sedimentology and K–Ar dating 

 Hjelstuen et al., 2005112 Seismic data Western EIS; seismic stratigraphy  

 Hodell et al., 2008124 IRD LIS; age model from IRD and 14C dating 

 Krissek, 1995125 IRD CIS and NE Asia; marine-calving margin at 

0.27–0.29 Ma 

 Montelli et al., 2017115 Seismic data Western EIS; seismic stratigraphy  

 Owen and Dortch, 

201428 

Point-source High Asia; TCN, OSL and 14C dating 

 Phillips et al., 199786 Point-source US Mountains; 10Be and 36Cl dating 

 Roskosch et al., 2015106 Point-source Western EIS; OSL dating 

 Sejrup et al., 200070 Glacial curve  Western EIS; from seismic data 

 Sejrup et al., 200571 Glacial curve  Western EIS; from seismic profiles 

 Stewart and Lonergan, 

201172 

Seismic data Western EIS; seismic stratigraphy  

 Strunk et al., 2017119 Glacial curve West GIS; modelling and 10Be–26Al dating. 4 

data points shown. 

 Vorren and Laberg, 

1997120 

Seismic data EIS 

Supplementary Table 11. Published evidence for the spatial extent of NH glaciation during 

MIS 8. Key corresponds with colours in Supplementary Figure 7a. 
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MIS 10 (337–365 ka) 

Key Reference Data type  Details 

 Balco and Rovey, 

201087 

Empirical outline LIS; TCN dating suggests 3 ice advances 

between 0.2 and 0.75 Ma 

 Böse et al., 201290 Empirical outline Western EIS 

 Hamblin et al., 200597 Empirical outline Western EIS 

 Marks, 2011103 Empirical outline EIS; Krznanian limit 

 Roskosch et al., 2015106 Empirical outline Western EIS 

 de Boer et al., 201410 Model NH; spans 0–410 ka with 1 ka increments. Ice 

volume and temperature derived from benthic 

δ18O stack. 

 Ganopolski and Calov, 

201111 

Model NH; spans 0–800 ka with 1 ka increments. 

Model driven by variations in orbital parameters 

and CO2 concentration. 

 Dahlgren et al., 2002110 Glacial curve  Western EIS; based on seismic data 

 Eissmann, 200294 Point-source Western EIS; stratigraphic sections 

 Geirsdóttir et al., 

2007111 

Point-source Iceland; sedimentology and K–Ar dating 

 Hjelstuen et al., 2005112 Seismic data Western EIS; seismic stratigraphy  

 Hodell et al., 2008124 IRD LIS; age model from IRD and 14C dating 

 Montelli et al., 2017115 Seismic data Western EIS; seismic stratigraphy  

 Owen and Dortch, 

201428 

Point-source High Asia; TCN, OSL and 14C dating. 2 data 

points shown. 

 Owen et al., 200938 Point-source High Asia; TCN and OSL dating  

 Owen et al., 201029 Point-source High Asia; TCN dating 

 Phillips et al., 199786 Point-source US Mountains; 10Be and 36Cl dating 

 Sejrup et al., 200070 Glacial curve  Western EIS; from seismic data 

 Sejrup et al., 200571 Glacial curve  Western EIS; from seismic data 

 Spooner et al., 1996126 Point-source CIS; stratigraphy and palaeomagnetic data 

 Stewart and Lonergan, 

201172 

Seismic data Western EIS; seismic stratigraphy  

 Strunk et al., 2017119 Glacial curve West GIS; modelling and 10Be–26Al dating. 4 

data points shown. 

 Vorren and Laberg, 

1997120 

Seismic data EIS 

Supplementary Table 12. Published evidence for the spatial extent of NH glaciation during 

MIS 10. Key corresponds with colours in Supplementary Figure 7c. 
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MIS 12 (429–477 ka) 

Key Reference Data type  Details 

 Astakhov et al., 201653 Empirical outline Eastern EIS; Lebed glaciation  

 Balco and Rovey, 

201087 

Empirical outline LIS; TCN dating suggests 3 ice advances 

between 0.2 and 0.75 Ma 

 Böse et al., 201290 Empirical outline Western EIS 

 Ehlers et al., 199092 Empirical outline EIS; older Saalian 

 Ehlers et al., 201193 Empirical outline EIS; Elsterian glaciation  

 Eissmann, 200294 Empirical outline EIS; Don lobe is shown as MIS 12 

 Gibbard and Clark, 

201195 

Empirical outline EIS 

 Gozhik et al., 201096 Empirical outline EIS 

 Hamblin et al., 200597 Empirical outline Western EIS 

 Hughes and Gibbard, 

201898 

Empirical outline EIS 

 Krzyszkowski et al, 

2015127 

Empirical outline EIS; Elsterian T2 till 

 Laban and van der 

Meer, 2011101 

Empirical outline EIS 

 Marks, 2011103 Empirical outline EIS; Sanian 2 limit 

 Marks et al., 2018104 Empirical outline EIS; Elsterian, Sanian 2 and Berezinian limits 

 Roskosch et al., 2015106 Empirical outline EIS 

 Ganopolski and Calov, 

201111 

Model NH; spans 0–800 ka with 1 ka increments. 

Model driven by variations in orbital 

parameters and CO2 concentration. 

 Dahlgren et al., 2002110 Glacial curve  Western EIS; based on seismic data 

 Geirsdóttir et al., 

2007111 

Point-source Iceland; sedimentology and K–Ar dating 

 Hjelstuen et al., 2005112 Seismic data Western EIS; seismic stratigraphy  

 Hodell et al., 2008124 IRD LIS; age model from IRD and 14C dating 

 Montelli et al., 2017115 Seismic data Western EIS; seismic stratigraphy  

 Owen et al., 200649 Point-source High Asia; TCN dating 

 Phillips et al., 199786 Point-source US Mountains; 10Be and 36Cl dating 

 Sejrup et al., 200070 Glacial curve  Western EIS; from seismic data 

 Sejrup et al., 200571 Glacial curve  Western EIS; glacial curves from seismic 

profiles 

 Stewart and Lonergan, 

201172 

Seismic data Western EIS; seismic stratigraphy  

 Strunk et al., 2017119 Glacial curve West GIS; modelling and 10Be–26Al dating. 4 

data points shown. 

 Vorren and Laberg, 

1997120 

Seismic data EIS 

 Zhao et al., 200945 Point-source High Asia; ESR dating 

 Zhao et al., 201580 Point-source High Asia; ERS dating 

Supplementary Table 13. Published evidence for the spatial extent of NH glaciation during 

MIS 12. Key corresponds with colours in Supplementary Figure 8a. 
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MIS 16 (622–677 ka) 

Key Reference Data type  Details 

  Aber, 1991128 Empirical outline LIS; Pre-Illinoian glaciation  

 Astakhov, 200481 Empirical outline Eastern EIS; Donian glaciation   

 Astakhov et al., 201653 Empirical outline Eastern EIS; Donian glaciation  

 Balco and Rovey, 

201087 

Empirical outline LIS; TCN dating suggests 3 ice advances 

between 0.75 and 0.2 Ma 

 Colgan, 1999129 Empirical outline LIS; Pre-Illinoian glaciation  

 Gozhik et al., 201096 Empirical outline EIS; Donian/ Sanian 1 glaciation  

 Hamblin et al., 200597 Empirical outline Western EIS; Happisburgh Formation 

 Hughes and Gibbard, 

201898 

Empirical outline EIS; Donian glaciation  

 Marks, 2011103 Empirical outline EIS; Sanian 1 glaciation  

 Marks et al., 2018104 Empirical outline EIS; Donian/ Sanian 1 glaciation  

 Olsen et al., 20138 Empirical outline EIS; transitional phase at 0.5–1.5 Ma 

 Toucanne et al., 

2009130 

Empirical outline EIS; pre-MIS 12 glaciations, based on IRD 

 Chadwick et al., 199783 Point-source LIS; 10Be and 36Cl dating 

 Colgan, 1999129 Point-source LIS; sedimentology and palaeomagnetism  

 Geirsdóttir et al., 

2007111 

Point-source Iceland; sedimentology and K–Ar dating 

 Hodell et al., 2008124 IRD LIS; age model from IRD and 14C dating 

 Montelli et al., 2017115 Seismic data Western EIS; seismic stratigraphy  

 Phillips et al., 199786 Point-source US Mountains; 10Be and 36Cl dating 

 Strunk et al., 2017119 Glacial curve West GIS; modelling and 10Be–26Al dating. 4 

data points shown. 

 Vorren and Laberg, 

1997120 

Seismic data EIS 

Supplementary Table 14. Published evidence for the spatial extent of NH glaciation during 

MIS 16. Key corresponds with colours in Supplementary Figure 8c. 
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MIS 20–24 (790–928 ka) 

Key Reference Data type  Details 

 Andriashek and 

Barendregt, 2017131 

Empirical outline LIS; MIS 20, around 0.8 Ma. 40 data points 

shown. 

 Balco and Rovey, 201087 Empirical outline LIS; TCN dating indicates ice advance 

around 0.8 Ma 

 Batchelor et al., 2017132 Empirical outline Western EIS: hypothesised ice sheet c.1 Ma  

 Gozhik et al., 201096 Empirical outline EIS; Nidanian glaciation is MIS 20 or 22 

 Marks, 2011103 Empirical outline EIS; Nidanian glaciation, around 0.9 Ma 

 Olsen et al., 20138 Empirical outline EIS; transitional phase at 0.5–1.5 Ma 

 Ottesen et al., 2018133 Empirical outline Western EIS; ice sheet c.1 Ma 

 Toucanne et al., 2009130 Empirical outline EIS; pre-MIS 12 glaciations, based on IRD 

 Anderson et al., 2012109 Point-source US mountains; mapped glacial deposits 

 Andriashek and 

Barendregt, 2017131 

Point-source LIS; palaeomagnetic dating 

 Bierman et al., 2016134 IRD Southeast GIS; IRD peak at 0.8 Ma. 2 data 

points shown. 

 Geirsdóttir et al., 2007111 Point-source Iceland; sedimentology and K–Ar dating 

 Krissek, 1995125 IRD CIS and NE Asia; marine-calving margin at 

0.92–0.93 Ma. 3 data points shown. 

 Laberg et al., 2013135 Seismic data East GIS; multiple shelf-break glaciations 

between 0.8 and 1.8 Ma 

 Montelli et al., 2017115 Seismic data Western EIS; seismic stratigraphy  

 Sejrup et al., 1991136 Point-source Western EIS; palaeomagnetic dating suggests 

grounded ice sheet at around 0.85 Ma 

 Sejrup et al., 200070 Glacial curve  Western EIS; from seismic data 

 Strunk et al., 2017119 Glacial curve West GIS; modelling and 10Be–26Al dating. 4 

data points shown. 

 Thierens et al., 2012137 IRD West EIS; 0.65–1.2 Ma  

Supplementary Table 15. Published evidence for the spatial extent of NH glaciation during 

MIS 20–24. Key corresponds with colours in Supplementary Figure 9a. 
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Early Matuyama palaeomagnetic Chron (1.78–2.6 Ma) 

Key Reference Data type  Details 

 Balco and Rovey, 

201087 

Empirical outline LIS; TCN dating indicates ice advance around 

2.4 Ma 

 Barendregt and Duk-

Rodkin, 2011138 

Empirical outline LIS and CIS; 1.78–2.6 Ma, palaeomagnetic 

dating 

 Barendregt et al., 

201488 

Empirical outline LIS and CIS; 1.78–2.6 Ma, palaeomagnetic 

dating 

 Batchelor et al., 2017132 Empirical outline Western EIS: ice sheet at onset of Quaternary   

 Dowdeswell and 

Ottesen, 2013139 

Seismic data Western EIS 

 Kleman et al., 2008140 Empirical outline EIS; 1.0–2.6 Ma 

  Knies et al., 2009141 Empirical outline EIS; maximum and minimum versions based 

on compilation of empirical data 

 Olsen et al., 20138 Empirical outline EIS; onshore phase at 1.5–2.5 Ma 

 Ottesen et al., 2018133 Empirical outline Western EIS; ice sheet c.1.6 Ma 

 Rea et al., 2018142 Empirical outline EIS; seismic data, from 2.53 Ma 

 Solgaard et al., 2011143 Model  GIS: 3 models for ice expansion at 2.4–3 Ma. 

Ice flow model constrained by geological 

observations and climate reconstructions. 

 Bailey et al., 2013144 IRD IRD peak at 2.52 Ma traced to Archaean 

basement rocks of GIS 

 Barendregt et al., 

201488 

Point-source LIS; palaeomagnetic dating. 20 data points 

shown. 

 Berger and Jokat, 

2009145 

Seismic data Northeast GIS; onset of margin progradation 

around 2.5 Ma 

 Bierman et al., 2016134 IRD Southeast GIS; IRD peak at 1.9 Ma. 2 data 

points shown. 

 Butt et al., 2001146 Seismic data East GIS; seismic data and palaeomagnetic 

dating 

 Geirsdóttir et al., 

2007111 

Point-source Iceland; sedimentology and K–Ar dating 

 Hidy et al., 2013147 Point-source CIS; TCN dating 

 Hofmann et al., 2016148 Seismic data West GIS; seismic stratigraphy 

 Jansen et al., 2000149 IRD West EIS; IRD peaks at 2.1 and 2.4 Ma 

 Krissek, 1995125 IRD CIS and NE Asia; marine-calving margin at 

2.6 Ma. 3 data points shown. 

 Laberg et al., 2013135 Seismic data East GIS; seismic data and palaeomagnetic 

dating 

 Montelli et al., 2017115 Seismic data Western EIS; seismic stratigraphy  

 Nielsen and Kuijpers, 

2013116 

Seismic data Southwest GIS; age of 2.5 Ma suggested from 

seismic stratigraphy  

 Thierens et al., 2012137 IRD West EIS; marine-calving margin at 2.5 Ma 

Supplementary Table 16. Published evidence for the spatial extent of NH glaciation during 

the early Matuyama Chron. Key corresponds with colours in Supplementary Figure 9c. 
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Late Gauss palaeomagnetic Chron (2.6–3.59 Ma) 

Key Reference Data type  Details 

 Barendregt and Duk-

Rodkin, 2011138 

Empirical outline CIS; 1.78–2.6 Ma, palaeomagnetic dating 

 Barendregt et al., 201488 Empirical outline CIS; 2.6–3.6 Ma 

 Batchelor et al., 2017132 Empirical outline Western EIS: ice sheet at onset of Quaternary   

  Knies et al., 2009141 Empirical outline EIS; maximum and minimum versions based 

on compilation of empirical data 

 Ottesen et al., 2018133 Empirical outline Western EIS; ice sheet at onset of Quaternary 

 Solgaard et al., 2011143 Model  GIS: 3 models for ice expansion at 2.4–3 Ma. 

Ice flow model constrained by geological 

observations and climate reconstructions. 

 Bailey et al., 2013144 IRD IRD peak at 2.64 Ma traced to Archaean 

basement rocks of GIS 

 Barendregt et al., 201488 Point-source CIS; palaeomagnetic dating. 9 data points 

shown. 

 Bierman et al., 2016134 IRD Southeast GIS; IRD peak at 2.8 Ma 

 Butt et al., 2001146 Seismic data East GIS; seismic data and palaeomagnetic 

dating  

 Geirsdóttir et al., 

2007111 

Point-source Iceland; sedimentology and K–Ar dating 

 Hidy et al., 2013147 Point-source CIS; TCN dating 

 Hofmann et al., 2016148 Seismic data West GIS; seismic stratigraphy 

 Jansen et al., 2000149 IRD West EIS; IRD peaks at 3.3 and 2.74 Ma 

 Krissek, 1995125 IRD CIS and NE Asia; marine-calving margin at 

2.6 Ma. 3 data points shown. 

 Thierens et al., 2012137 IRD West EIS; marine-calving margin at 2.6 Ma  

Supplementary Table 17. Published evidence for the spatial extent of NH glaciation during 

the late Gauss Chron. Key corresponds with colours in Supplementary Figure 10a. 
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Supplementary Notes 1 

 2 

Supplementary Note 1: The Last Glacial Maximum (LGM) 3 

 4 

 The Last Glacial Maximum (LGM) best-estimate reconstruction is based on the LGM 5 

extent of Ehlers et al.93, which was derived from a compilation of published empirical 6 

datasets. In this reconstruction, the Greenland Ice Sheet (GIS) is shown at the shelf break, 7 

following marine geophysical work that has identified subglacially formed landforms on the 8 

outermost shelf151-153. Grounded ice is also extended to the shelf break on Grand Banks and 9 

beyond Baffin Island, British Columbia and western Britain4,154. A lobe of the Cordilleran Ice 10 

Sheet (CIS) is shown to enter the Puget Lowlands during this time155. The LGM outline of 11 

Barr and Clark156, which is more detailed than that of Ehlers et al.93, is used in north-east 12 

(NE) Asia.  13 

Robustness score  14 

Mean robustness score: 5 (ice-sheet-wide empirical outlines) 15 
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Supplementary Note 2: 30 ka 16 

The reader should refer to Supplementary Figure 2a for a map of previously published 17 

data on ice-sheet extent at 30 ka, Supplementary Figure 2b for a map of the maximum, 18 

minimum and best-estimate ice-sheet reconstructions, and Supplementary Table 1 for details 19 

of the data sources used to inform these reconstructions.  20 

Maximum estimate of the 30 ka ice-sheet extent  21 

The maximum ice extent in Europe at 30 ka is based mainly on empirical data and the 22 

ice-sheet extent at the LGM. The empirical outlines of Larsen et al.6, Hughes et al.4 and 23 

Marks7 are followed over western Europe and Scandinavia. The EIS is extended to the east to 24 

include Finland because of the geometry of the ice in northern Poland. Hughes et al.4 keep 25 

Finland ice-free in their reconstruction for 30–32 ka, but note that they find it likely that ice 26 

expansion to the south was matched by ice growth to the east. Over northern Siberia, the 27 

LGM extent is used for the Barents-Kara Sea, and the maximum MIS 4 extent is used for the 28 

Putorana Plateau in central Siberia. Ice is shown to extend to the shelf break beyond northern 29 

Britain and Norway, as suggested by ice-rafted debris (IRD) records21,25. Ice is shown in the 30 

North Sea, and ice in Greenland and Iceland is shown at the shelf break. Ice is also shown at 31 

the shelf break along the northern, northwestern and eastern margin of the Laurentide Ice 32 

Sheet (LIS). The southern and western margin of the LIS is the larger of the two empirically 33 

derived outlines of Dyke et al.2 and Kleman et al.5. The CIS is shown at its LGM extent93. 34 

The maximum Quaternary ice-sheet extent template is used in NE Asia, which is a 35 

combination of the maximum Quaternary limits of Glushkova55 and Barr and Clark156 (see 36 

Methods).  37 

Minimum estimate of the 30 ka ice-sheet extent  38 

The minimum ice extent in Europe at 30 ka is based on the outline of Hughes et al.4 39 

for 30–32 ka, which is a compilation of empirical evidence. Ice in Greenland and Iceland is 40 

shown at the present-day coastline. The LIS is the smaller of the two empirically derived 41 

outlines of Dyke et al.2 and Kleman et al.5. The minimum ice extent was further reduced in 42 

west-central Canada by ~500 km to account for the possibility of an ice-free interval in that 43 

area as indicated by thermoluminescence dating of non-glacial sediments157. The CIS extent 44 

is based on the 30 ka regional model of Seguinot et al.16. The LGM extent of Barr and 45 

Clark156 is used in NE Asia. 46 
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Best-estimate of the 30 ka ice-sheet extent  47 

The minimum ice extent in Europe at 30 ka, which is the empirically derived 48 

reconstruction of Hughes et al.4, is generally used as the best-estimate for the 30 ka ice-sheet 49 

reconstruction. The exception is that the ice sheet is extended to the shelf break in the 50 

northern North Sea to account for the probable operation of the Norwegian Channel Ice 51 

Stream during this time26,70,158. Our best-estimate reconstruction does not include the tentative 52 

outlines of Marks7 in Poland and Lithuania, which span 33–37 ka. Ice in Greenland is shown 53 

in a mid-shelf position, following the suggestion that the ice sheet was on the continental 54 

shelf during this time82. Ice in Iceland is shown at the present-day coastline. The detailed 55 

empirically derived reconstruction of Dyke et al.2 is followed for the best-estimate LIS at 30 56 

ka. Although the 1-sigma errors on Berger and Nielsen’s157 geochronological data overlap 57 

with the 30 ka interval, it is more likely that this part of the Hudson Bay Lowlands was ice-58 

free closer to the 40 ka interval, as supported by various radiocarbon dates159. To be 59 

conservative, the best-estimate for the CIS and ice in NE Asia at 30 ka is the same as the 60 

minimum. 61 

Robustness scores for the 30 ka ice-sheet reconstruction 62 

EIS 4 (empirical outlines constrain much of the ice margin) 63 

LIS 5 (ice-sheet-wide empirical outlines) 64 

CIS 1 (modelled outlines) 65 

NE Asia 1 (modelled outlines) 66 

Mean robustness score: 2.75  67 
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Supplementary Note 3: 35 ka 68 

The reader should refer to Supplementary Figure 2c for a map of previously published 69 

data on ice-sheet extent at 35 ka, Supplementary Figure 2d for a map of the maximum, 70 

minimum and best-estimate ice-sheet reconstructions, and Supplementary Table 2 for details 71 

of the data sources used to inform these reconstructions.  72 

Maximum estimate of the 35 ka ice-sheet extent  73 

For the maximum European Ice Sheet (EIS) at 35 ka, the empirical outlines of 74 

Houmark-Nielsen3, Obst et al.35 and Marks7 in northern Germany and Poland are merged 75 

with the outline of Olsen et al.8 in Scandinavia and the LGM ice extent in the Barents-Kara 76 

Sea. The maximum MIS 4 ice extent is used for the Putorana Plateau in central Siberia. Ice in 77 

Greenland and Iceland is shown at the present-day shelf break. For the maximum LIS, ice is 78 

shown at the shelf break along the northern and eastern margin. The empirically derived late 79 

MIS 3 outline of Kleman et al.5 is used to the south. The western LIS margin is the modelled 80 

outline of Ganopolski and Calov11, which keeps the LIS and CIS separate during this time160. 81 

The LGM ice extent is used for the CIS, and the maximum Quaternary ice-extent 82 

template55,156 is used for NE Asia (see Methods).  83 

Minimum estimate of the 35 ka ice-sheet extent  84 

For the minimum EIS at 35 ka, the larger of the two empirically derived outlines 85 

provided by Hughes et al.4 for the period 34–38 ka is used. Ice in Greenland and Iceland is 86 

shown at the coastline. A schematic ice cap is shown over Scotland, which is based on the 87 

minimum modelled ice extent in Britain during MIS 418. The empirically derived late MIS 3 88 

outline of Kleman et al.5 is used for the minimum LIS at 35 ka, but is not allowed to extend 89 

beyond the detailed empirical reconstruction of Dyke et al.2 for 30 ka. The minimum ice 90 

extent was further reduced in west-central Canada by ~200 km to account for the possibility 91 

of an ice-free interval in the Hudson Bay Lowlands as indicated by thermoluminescence 92 

work on non-glacial sediments157. The minimum LIS extent was also reduced in the Ungava 93 

Peninsula, Canada, by ~200 km to account for the possibility of an ice-free interval as 94 

indicated by various radiocarbon ages on non-glacial sediments161. Because of an absence of 95 

data, only coastal mountain glaciers are shown for the CIS and no ice is shown in NE Asia.  96 
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Best-estimate of the 35 ka ice-sheet extent  97 

To be conservative, the minimum ice-sheet extents over Britain and Iceland are used 98 

for the 35 ka best-estimate. The tentative outlines of Obst et al.35, Marks7 and Olsen et al.8, 99 

which show the EIS extending into northern Germany, Poland and Finland during this time, 100 

are not included. Instead, the ice sheet is shown following the present-day coastline around 101 

Norway and Sweden, in agreement with the empirical reconstruction of Houmark-Nielsen3 102 

and IRD records off southern and western Norway21,26. Ice in Greenland is shown in a mid-103 

shelf position, following Funder et al.82, who suggest that the ice sheet was on the continental 104 

shelf during this time. The minimum LIS at 35 ka is used as the best-estimate in most areas. 105 

This outline is based on the empirically derived late MIS 3 outline of Kleman et al.5 and the 106 

detailed empirical reconstruction of Dyke et al.2 for 30 ka. Although the 1-sigma errors on 107 

Berger and Nielsen’s157 geochronological data overlap with the 35 ka interval, it is more 108 

likely that these sites in the Hudson Bay Lowlands were ice-free closer to the 40 ka interval, 109 

as supported by various radiocarbon dates159. The Ungava Peninsula in Canada is shown as 110 

ice-covered. Although there is no evidence to rule out the possibility that this region was ice-111 

free at 35 ka, Guyard et al.161 suggest that their radiocarbon ages may represent a minimum 112 

age estimate owing to the suspected mixing of older and younger carbon in the sample. To be 113 

conservative, the best-estimate 30 ka ice extent is used for the CIS16, and the LGM of Barr 114 

and Clark156 is used for NE Asia.   115 

Robustness scores for the 35 ka ice-sheet reconstruction 116 

EIS 3 (regional empirical outlines of contrasting extent) 117 

LIS 3 (single broad-scale empirical outline) 118 

CIS 1 (modelled outlines) 119 

NE Asia 1 (modelled outlines) 120 

Mean robustness score: 2 121 

 122 

 123 

 124 

 125 
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Supplementary Note 4: 40 ka 126 

The reader should refer to Supplementary Figure 3a for a map of previously published 127 

data on ice-sheet extent at 40 ka, Supplementary Figure 3b for a map of the maximum, 128 

minimum and best-estimate ice-sheet reconstructions, and Supplementary Table 3 for details 129 

of the data sources used to inform these reconstructions.  130 

Maximum estimate of the 40 ka ice-sheet extent  131 

For the maximum EIS at 40 ka, the maximum modelled ice extent over Europe is 132 

used, because the outline of Arnold et al.33 is a minimum estimate and the outline of 133 

Houmark-Nielsen3 depicts ice at 34–46 ka. The modelled outlines selected are not allowed to 134 

be larger than at the LGM. This means that the LGM limit is used everywhere except for 135 

Britain and the North Sea10, Poland10, 18 and western Russia18. Ice in Greenland and Iceland is 136 

shown at the present-day shelf break. Ice is also shown at the shelf break for the northern and 137 

eastern margin of the LIS. For the southern LIS margin, the largest modelled outline is used18 138 

but is not allowed to be larger than at the LGM. The modelled outline of Ganopolski and 139 

Calov11 is used for the western LIS margin because it keeps the LIS and CIS separate160. 140 

Because of an absence of empirical data, the LGM extent93 is used for the CIS. For NE Asia, 141 

the maximum Quaternary ice-extent template (based on Glushkova55 and Barr and Clark156), 142 

is used to account for the large ice-sheet outline of Barr and Solomina41.  143 

Minimum estimate of the 40 ka ice-sheet extent  144 

For the minimum EIS at 40 ka, ice is not shown in Britain, as in Hughes et al.4. The 145 

outline of Houmark-Nielsen3 is combined with the maximum outline of Hughes et al.4 (34–38 146 

ka) over Scandinavia. The present-day ice cover is used for the islands of the Barents and 147 

Kara seas, and ice is shown to the coastline for Greenland and Iceland. For the LIS, 148 

hypothesis 2 of Dredge and Thorleifson42 is used, which shows small ice-dispersal areas. This 149 

minimum ice extent is supported by geochronological data from the Hudson Bay Lowlands, 150 

Canada, which show the development of peatlands and boreal forests in this region at ~40 151 

ka159. Coastal mountain glaciers are shown for the CIS, and the LGM extent of Barr and 152 

Clark156 is used for NE Asia.  153 
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Best-estimate of the 40 ka ice-sheet extent  154 

We note that the 40 ka interval immediately preceded a time of rapid ice growth in the 155 

NH162,163.. For the best-estimate EIS at 40 ka, the empirical outlines of Houmark-Nielsen3, 156 

Hughes et al.4 and van Andel and Tzedakis43 are used but are not allowed to extend beyond 157 

the 35 ka best-estimate along the eastern margin. The ice sheet is shown on the continental 158 

shelf off southern and western Norway, in agreement with IRD records21,26 and suggestions 159 

that the southern Fennoscandian Ice Sheet (FIS) extended beyond the coastline around 42 160 

ka43,164,165. To be conservative, the minimum ice extent is followed in the Barents and Kara 161 

seas and Iceland. As a mid-point between our minimum and maximum reconstructions, a 162 

schematic ice cap is placed over Scotland, which is based mainly on the minimum modelled 163 

ice extent in Britain during MIS 418. Ice is extended onto the continental shelf to the north of 164 

Scotland, as suggested by Lekens et al.26. However, it is worth noting that Hughes et al.4 do 165 

not include any ice over Britain in their reconstruction for 34–38 ka. Ice in Greenland is 166 

shown in a mid-shelf position, following Funder et al.82 who suggest that the ice sheet was on 167 

the continental shelf during this time.  168 

Over North America, the minimum outline, based on hypothesis 2 of Dredge and 169 

Thorleifson42, is used for the LIS. This ice extent is supported by geochronological data from 170 

the Hudson Bay Lowlands, Canada, showing the development of peatlands and boreal forests 171 

in this region at ~40 ka159. Recently, the feasibility of such a reduced ice extent was 172 

demonstrated by reconciling geological data from the Hudson Bay Lowlands with estimates 173 

of sea level and isostatic adjustment for this area166. Deglaciation of Hudson Bay at ~40 ka is 174 

also supported by 8 radiocarbon dates on shells from Wager Bay167. The 30 ka ice-extent 175 

template (see Methods) is used for the CIS16, and the Quaternary maximum ice-extent 176 

template is used in NE Asia55,156.  177 

Robustness scores for the 40 ka ice-sheet reconstruction 178 

EIS 3 (ice-sheet-wide empirical outlines of contrasting extent) 179 

LIS 3 (ice-sheet-wide empirical outlines of contrasting extent) 180 

CIS 1 (modelled outlines) 181 

NE Asia 3 (regional empirical outline and modelled outlines).  182 

Mean robustness score: 2.5  183 
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Supplementary Note 5: 45 ka 184 

The reader should refer to Supplementary Figure 3c for a map of previously published 185 

data on ice-sheet extent at 45 ka, Supplementary Figure 3d for a map of the maximum, 186 

minimum and best-estimate ice-sheet reconstructions, and Supplementary Table 4 for details 187 

of the data sources used to inform these reconstructions.  188 

Maximum estimate of the 45 ka ice-sheet extent  189 

The maximum limit of the empirical data is used for the maximum EIS at 45 ka. It 190 

should be noted that, due to the spread of the ages, some of these outlines3,35,48 probably 191 

relate to MIS 4 rather than the peak warmth of MIS 3. This maximum outline accounts for the 192 

possibility of a second Weichselian glaciation in Finland at 40–45 ka168. A schematic ice cap 193 

is shown over Scotland, which is based on the minimum modelled ice extent in Britain during 194 

MIS 418. Ice in Greenland and Iceland is shown at the shelf break.  195 

Over North America, the best-estimate LIS at 35 ka, which is based on the empirically 196 

derived late MIS 3 outline of Kleman et al.5 and the detailed empirical reconstruction of 197 

Dyke et al.2 for 30 ka, is used for the maximum LIS at 45 ka. This outline is extended by 198 

around 150 km in the northwest and southeast to include areas covered by ice in hypothesis 2 199 

of Dredge and Thorleifson42. The LGM outline of Ehlers et al.93 is used for the CIS. Because 200 

of an absence of empirical data, the maximum Quaternary ice-extent template (derived from 201 

Glushkova55 and Barr and Clark156) is used for NE Asia.  202 

Minimum estimate of the 45 ka ice-sheet extent  203 

The present-day ice cover is used as the minimum ice extent over Europe, Greenland, 204 

the North American Cordillera and NE Asia at 45 ka. Hypothesis 2 of Dredge and 205 

Thorleifson42, which shows small ice-dispersal centres, is used for the LIS. These minimal ice 206 

outlines are supported by geochronological work (radiocarbon, OSL) on sub-till sediments 207 

from the Hudson Bay Lowlands159. 208 

Best-estimate of the 45 ka ice-sheet extent  209 

For the best-estimate EIS at 45 ka, we include small ice caps over high areas of 210 

Norway and Svalbard. We note that our reconstruction tries to capture the peak warmth of 211 

MIS 3, whereas some of the empirical outlines shown for 45 ka may relate to MIS 43,35,48 or 212 

the suggested expansion of the FIS around 42 ka8. Ice in Greenland is shown in a mid-shelf 213 
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position, following Funder et al.82 who suggest that the ice sheet was on the continental shelf 214 

during this time. Ice in Iceland is shown at the present-day coastline.  215 

Over North America, the minimum LIS extent, which is based on hypothesis 2 of 216 

Dredge and Thorleifson42 is used as the best-estimate. This minimum ice extent is supported 217 

by geochronological data from the Hudson Bay Lowlands, Canada, which show the 218 

development of peatlands and boreal forests in this region at ~40 ka159. Recently, the 219 

feasibility of such a reduced ice extent was demonstrated by reconciling geological data from 220 

the Hudson Bay Lowlands with estimates of sea level and isostatic adjustment for this area166. 221 

Coastal mountain glaciers are shown for the CIS, and the LGM ice-extent template of Barr 222 

and Clark156 is used for NE Asia (Methods).   223 

Robustness scores for the 45 ka ice-sheet reconstruction 224 

EIS 3 (ice-sheet-wide empirical outlines of contrasting extent) 225 

LIS 3 (ice-sheet-wide empirical outlines of contrasting extent) 226 

CIS 1 (modelled outlines) 227 

NE Asia 1 (modelled data) 228 

Mean robustness score: 2  229 
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Supplementary Note 6: MIS 4 (58–72 ka) 230 

The reader should refer to Supplementary Figure 4a for a map of previously published 231 

data on ice-sheet extent during MIS 4, Supplementary Figure 4b for a map of the maximum, 232 

minimum and best-estimate ice-sheet reconstructions, and Supplementary Table 5 for details 233 

of the data sources used to inform these reconstructions.  234 

Maximum estimate of the MIS 4 (58–72 ka) ice-sheet extent  235 

The maximum empirical data extent is used for the maximum EIS during MIS 4. Ice 236 

in Greenland, Iceland and northern Britain is shown at the shelf break. The reconstruction of 237 

Helmens47 is used for the southern margin of the British Irish Ice Sheet (BIIS). Over North 238 

America, as the empirical reconstruction of Kleman et al.5 is extrapolated from flow lines and 239 

topography, the maximum modelled outline is used for the southern LIS, which is based on 240 

Stokes et al.17. The western margin of the LIS is the same as the maximum reconstruction for 241 

MIS 6. The MIS 6 outline is derived from the empirical data of Barendregt et al.88 (modified 242 

from Barendregt and Duk-Rodkin138), the empirically derived outline of Jackson et al.99 and 243 

the modelled outlines of Peltier108 and de Boer et al.10. This reconstruction leaves Edmonton 244 

ice free during MIS 4, as suggested by Young et al.160. The maximum Quaternary ice-extent 245 

template is used for the maximum CIS during MIS 4. This uses the pre-Reid limit of 246 

Kaufman et al.57 in Alaska, the pre-Reid limit of Turner et al.64 in the Yukon, and the MIS 6 247 

modelled outline of Ganopolski and Calov11 for the southern CIS (see Methods). The 248 

Quaternary maximum ice extent of Glushkova55 and Barr and Clark156 is used in NE Asia, 249 

and extensive grounded ice is shown in the Arctic Ocean100,105.  250 

Minimum estimate of the MIS 4 (58–72 ka) ice-sheet extent  251 

For the minimum EIS during MIS 4, the minimum empirical ice extent is followed 252 

over Scandinavia59 and the Barents-Kara Sea48. Ice is not included in the North Sea, and 253 

northwest Denmark is left ice-free after Houmark-Nielsen3. The smallest modelled ice 254 

extent18 is shown over Scotland. Ice in Greenland and Iceland is shown to the present-day 255 

coastline. The empirically derived outline of Kleman et al.5 is broadly used for the LIS. This 256 

minimum ice extent was further reduced in central and eastern Canada by 500–1000 km to 257 

account for the possibility of an ice-free interval in these areas. Optically stimulated 258 

luminescence dating, uranium-thorium dating and thermoluminescence dating of non-glacial 259 

deposits in eastern Canada allow for the possibility that these areas were ice-free during MIS 260 
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4169-174. The minimum ice extent was further reduced in the Hudson Bay Lowlands by 500–261 

1000 km to account for the possibility of an ice-free interval in that area as indicated by 262 

optically stimulated luminescence and uranium-thorium dating on non-glacial materials175,176. 263 

The LGM ice-extent template is used for the CIS93 (see Methods). The Quaternary maximum 264 

ice-extent template is used for NE Asia, which includes the empirically derived outline of 265 

Glushkova55 for MIS 4.   266 

Best-estimate of the MIS 4 (58–72 ka) ice-sheet extent  267 

The outline of Svendsen et al.62, which is based on a compilation of empirical data, is 268 

broadly used for the best-estimate EIS in its northern and western margins during MIS 4. This 269 

may correspond with the Ristinge Advance of around 50 ka into eastern Denmark3,35,48. Ice is 270 

shown in northeast Germany in the best-estimate, as suggested by Möller60, but we note that 271 

this is an area of uncertainty. Where there is a difference between the outlines of Svendsen et 272 

al.62 and Mangerud et al.34 in northwest Russia, we follow the more detailed, less extensive 273 

reconstruction of Svendsen et al.62. Glaciation of the Urals52,62 is included in the MIS 4 best-274 

estimate. The tentative outline of Carr et al.54 is used for the southern margin of the BIIS. The 275 

BIIS is extended to the shelf break beyond Scotland as suggested by offshore evidence for 276 

ice-sheet expansion during this time24,71. Ice is shown in the North Sea47,54,72. To be 277 

conservative, ice in Greenland is shown in a mid-shelf position, and ice in Iceland is shown at 278 

the present-day coastline. 279 

For North America, the empirically derived outline of Kleman et al.5 is used as the 280 

best-estimate for the LIS. Empirical data from the Hudson Bay Lowlands are not 281 

incorporated into the best-estimate because of low precision of these ages, which leaves the 282 

possibility that they may reflect ice-free conditions during MIS 3 or MIS 5a176. The Reid ice-283 

extent template of suggested MIS 4/MIS 6 age is used in Alaska (Kaufman et al.57) and 284 

Yukon (Turner et al.64) (Methods). The Quaternary maximum ice-extent template is used for 285 

NE Asia55,156. To be conservative, extensive grounded ice is not shown in the Arctic Ocean, 286 

but we note that grounded ice may have been present on bathymetric highs100,105.  287 

Robustness scores for the MIS 4 (58–72 ka) ice-sheet reconstruction 288 

EIS 4 (ice-sheet-wide empirical outlines with some differences in ice extent) 289 

LIS 2 (single broad-scale empirical outline) 290 

CIS 3 (regional empirical outlines) 291 

NE Asia 3 (regional empirical outlines) 292 
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Mean robustness score: 3. 293 

 294 
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 296 
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Supplementary Note 7: MIS 5a (72–86 ka) 323 

The reader should refer to Supplementary Figure 4c for a map of previously published 324 

data on ice-sheet extent during MIS 5a, Supplementary Figure 4d for a map of the maximum, 325 

minimum and best-estimate ice-sheet reconstructions, and Supplementary Table 6 for details 326 

of the data sources used to inform these reconstructions.  327 

Maximum estimate of the MIS 5a (72–86 ka) ice-sheet extent  328 

For the maximum EIS during MIS 5a, the maximum modelled outline is used but is 329 

not allowed to be larger than the best-estimate reconstruction for MIS 5b or 5d. We note that 330 

this outline is probably unrealistically extensive. Ice is shown on the continental shelf beyond 331 

Scotland to account for the suggestion that ice may have reached beyond the coastline around 332 

80 ka26. To cover the maximum scenario, ice is shown to the shelf break beyond Greenland 333 

and Iceland. For the maximum LIS during MIS 5a, the modelled outline of Stokes et al.17 is 334 

combined with hypothesis 2 of Dredge and Thorleifson42 for MIS 3. The 30 ka ice-extent 335 

template16 is used for the CIS, and the Quaternary maximum ice-extent template is used for 336 

NE Asia55,156 (see Methods). Extensive grounded ice (following the empirically derived 337 

outlines for MIS 689,100,105) is shown in the Arctic Ocean. 338 

Minimum estimate of the MIS 5a (72–86 ka) ice-sheet extent 339 

There is some evidence that global sea level during MIS 5a was close to that of the 340 

present-day178. To capture this uncertainty, the present-day ice cover is used for the minimum 341 

MIS 5a ice extent in Eurasia, Greenland, Iceland and North America. An ice cap, based on 342 

hypothesis 2 of Dredge and Thorleifson42, is also included over Baffin Island.  343 

Best-estimate of the MIS 5a (72–86 ka) ice-sheet extent 344 

For the best-estimate EIS during MIS 5a, the empirically derived outline of Mangerud 345 

et al.34 over Norway is combined with the best-estimate 30 ka ice extent (based on Hughes et 346 

al.4) for the islands of the Barents-Kara Sea. To be conservative, no ice is shown in Britain; it 347 

is possible that IRD evidence for shelf glaciation during this time26 may relate to a colder 348 

period within MIS 4 or 5. Ice in Greenland and Iceland is shown at the present-day coastline. 349 

Hypothesis 2 of Dredge and Thorleifson42, which is also used as the best-estimate for 45 ka, 350 

is followed for the best-estimate LIS during MIS 5a. This ice extent is supported by 351 

geochronological data that suggest that large areas of North America were ice-free at this 352 
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time170,171,175. A schematic outline showing coastal mountain glaciation is used in the North 353 

American Cordillera, and the LGM ice-extent template is suggested in NE Asia156.   354 

Robustness scores for the MIS 5a (72–86) ka ice-sheet reconstruction 355 

EIS 2 (two empirical outlines and modelled outlines) 356 

LIS 1 (modelled outlines; uses ice-sheet extent at 45 ka) 357 

CIS 1 (modelled outlines) 358 

NE Asia 1 (modelled outlines) 359 

Mean robustness score: 1.25 360 

 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 

 373 

 374 

 375 

 376 
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Supplementary Note 8: MIS 5b (86–92 ka) 377 

The reader should refer to Supplementary Figure 5a for a map of previously published 378 

data on ice-sheet extent during MIS 5b, Supplementary Figure 5b for a map of the maximum, 379 

minimum and best-estimate ice-sheet reconstructions, and Supplementary Table 7 for details 380 

of the data sources used to inform these reconstructions.  381 

Maximum estimate of the MIS 5b (86–92 ka) ice-sheet extent  382 

The maximum empirical outline8,34,53,62,81 is used for the maximum EIS during MIS 383 

5b. Ice is extended to the shelf break in the western Barents Sea, as suggested by Eccleshall 384 

et al.67. A schematic ice cap, based on the minimum modelled ice extent in Britain during 385 

MIS 418, is shown in Scotland. To cover the maximum scenario, ice in Greenland and Iceland 386 

is shown at the shelf break. For the LIS, the maximum modelled outline, which was derived 387 

by combining Zweck and Huybrechts18 and Ganopolski and Calov11, is used, but is not 388 

allowed to be larger than the best-estimate for MIS 4. This is because the global benthic δ18O 389 

stack shows MIS 5b to have been significantly warmer than MIS 479. The northwest margin 390 

of the LIS is further reduced from the MIS 4 extent in the Mackenzie Delta region, following 391 

work that suggests that there were only two ice-sheet advances into this region (probably 392 

during either the LGM and MIS 4, or the LGM and MIS 6179). The LGM extent of Ehlers et 393 

al.93 is shown for the CIS and the maximum Quaternary ice-extent template55,156 is used for 394 

NE Asia. Extensive grounded ice (following the empirically derived outlines for MIS 395 

689,100,105) is shown in the Arctic Ocean. 396 

Minimum estimate of the MIS 5b (86–92 ka) ice-sheet extent  397 

For the minimum EIS during MIS 5b, the minimum empirical outline is used over 398 

Europe, and the present-day ice extent is used for Greenland and Iceland. The empirically 399 

derived MIS 5b/5d outline of Kleman et al.5 is used for the LIS, together with the present-day 400 

ice extent in the islands of the Canadian Arctic. The minimum LIS extent was further reduced 401 

in the Gulf of Saint Lawrence and off the coast of Nova Scotia by ~100 to ~200 km to 402 

account for the possibility of an ice-free interval in this area as indicated by optically 403 

stimulated luminescence and uranium-thorium dating of non-glacial sediments170,174. Coastal 404 

mountain glaciers are shown for the CIS, and the LGM extent of Barr and Clark156 is used for 405 

NE Asia.  406 
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Best-estimate of the MIS 5b (86–92 ka) ice-sheet extent  407 

The empirical outlines of Svendsen et al.62 and Astakhov et al.53 are used for the best-408 

estimate EIS during MIS 5b. The exception is on the western margin of Svalbard, where the 409 

ice limit is extended to the shelf break, as suggested by the work of Eccleshall et al.67. Ice in 410 

Greenland is shown in an inner- to mid-shelf position, following the work of Funder et al.82 411 

who suggest that the eastern GIS extended to the Kap Brewster ridge off Scoresby Sund 412 

during MIS 5b. Ice in Iceland is extended to the present-day coastline. The minimum ice-413 

sheet reconstruction for MIS 5b is used for the best-estimate in North America. The 414 

maximum ice-extent template is used for NE Asia, as suggested by IRSL dates of 80–90 ka 415 

on a moraine in this region50. To be conservative, grounded ice is not shown in the Arctic 416 

Ocean, but we note that grounded ice may have been present on bathymetric highs100,105.  417 

 418 

Robustness scores for the MIS 5b (86–92 ka) ice-sheet reconstruction 419 

EIS 5 (ice-sheet-wide empirical outlines) 420 

LIS 3 (single broad-scale empirical outline) 421 

CIS 1 (modelled outlines) 422 

NE Asia 1 (modelled outlines) 423 

Mean robustness score: 2.5  424 
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Supplementary Note 9: MIS 5c (92–108 ka) 425 

The reader should refer to Supplementary Figure 5c for a map of previously published 426 

data on ice-sheet extent during MIS 5c, Supplementary Figure 5d for a map of the maximum, 427 

minimum and best-estimate ice-sheet reconstructions, and Supplementary Table 8 for details 428 

of the data sources used to inform these reconstructions.  429 

Maximum estimate of the MIS 5c (92–108 ka) ice-sheet extent  430 

The maximum empirical outlines in Europe are used for the maximum EIS during 431 

MIS 5c. The modelled ice extent of Zweck and Huybrechts18 for MIS 5a is used for the 432 

maximum ice extent on the Putorana Plateau during MIS 5c. This limit is slightly larger than 433 

their modelled outline for MIS 5c, and therefore captures a greater range of uncertainty. Ice 434 

in Greenland and Iceland is shown to the shelf break. For the maximum LIS, the modelled 435 

outline of Stokes et al.17 is combined with hypothesis 2 of Dredge and Thorleifson42 for MIS 436 

3. The 30 ka ice-extent template16 is used for the CIS, and the Quaternary maximum ice-437 

extent template55,156 is used for NE Asia (see Methods). Extensive grounded ice (following 438 

the empirically derived outlines for MIS 689,100,105) is shown in the Arctic Ocean. 439 

Minimum estimate of the MIS 5c (92–108 ka) ice-sheet extent  440 

The present-day ice cover is used for the minimum MIS 5c ice extent in Eurasia, 441 

Greenland, Iceland and North America. An ice cap, based on hypothesis 2 of Dredge and 442 

Thorleifson42, is also included over Baffin Island. 443 

Best-estimate of the MIS 5c (92–108 ka) ice-sheet extent  444 

The best-estimate for MIS 5a (which uses the MIS 5a empirical outline of Mangerud 445 

et al.34 in Norway and the 30 ka ice extent of Hughes et al.4 in the Barents-Kara Sea) is used 446 

for the best-estimate EIS during MIS 5c. Ice in Greenland and Iceland is shown at the 447 

present-day coastline. Hypothesis 2 of Dredge and Thorleifson42, which is also used for the 448 

best-estimate of 45 ka and MIS 5a, is used for the best-estimate LIS during MIS 5c. This ice 449 

extent is supported by geochronological data that suggest that parts of eastern Canada170,174 450 

and the Hudson Bay Lowlands175,180 were ice-free during this time. Coastal mountain 451 

glaciation is shown in the North American Cordillera, and the LGM ice-extent template156 is 452 

suggested for NE Asia (Methods).  453 
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Robustness scores for the MIS 5c (92–108 ka) ice-sheet reconstruction 454 

EIS 3 (ice-sheet-wide empirical outlines of contrasting extent) 455 

LIS 1 (modelled outlines; uses ice-sheet extent during 45 ka) 456 

CIS 1 (modelled outlines) 457 

NE Asia 1 (modelled outlines) 458 

Mean robustness score: 1.5  459 
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Supplementary Note 10: MIS 5d (108–117 ka) 460 

The reader should refer to Supplementary Figure 6a for a map of previously published 461 

data on ice-sheet extent during MIS 5d, Supplementary Figure 6b for a map of the maximum, 462 

minimum and best-estimate ice-sheet reconstructions, and Supplementary Table 9 for details 463 

of the data sources used to inform these reconstructions.  464 

Maximum estimate of the MIS 5d (108–117 ka) ice-sheet extent  465 

For the maximum EIS during MIS 5d, the maximum empirical data over western 466 

Scandinavia59 are combined with the maximum modelled outline in eastern Europe and 467 

western Siberia11,76. This outline is extended slightly farther south in Russia to account for the 468 

Kormuzhikhantskaya moraine, which has a suggested age of 100–117 ka85,181,182. Ice is 469 

shown on the continental shelf beyond Scotland to account for the suggestion that ice may 470 

have reached beyond the coastline during this time26. To cover the maximum scenario, ice in 471 

Greenland and Iceland is shown at the shelf break. For the LIS, the maximum modelled 472 

outline, which was derived by combining Ganopolski and Calov11 and de Boer et al.10, is 473 

used, but is not allowed to be larger than the best-estimate for MIS 4. The LGM ice-extent 474 

template93 is shown for the CIS, and the maximum Quaternary ice-extent template55,156 is 475 

used for NE Asia (see Methods). Extensive grounded ice (following the empirically derived 476 

outlines for MIS 689,100,105) is shown in the Arctic Ocean. 477 

Minimum estimate of the MIS 5d (108–117 ka) ice-sheet extent  478 

For the minimum EIS during MIS 5d, the smallest empirical outline47 is used over 479 

Scandinavia. The MIS 5c outline of Larsen et al.48, adjusted to incorporate the MIS 5d outline 480 

of Möller et al.60, is used for the Barents-Kara Sea. The present-day ice extent is used for 481 

Greenland and Iceland. The MIS 5b/5d empirically derived outline of Kleman et al.5 is used 482 

for the LIS. The minimum LIS extent was further reduced in the Gulf of Saint Lawrence and 483 

off the coast of Nova Scotia by ~100 to 200 km to account for the possibility of an ice-free 484 

interval in that area as indicated by optically stimulated luminescence and uranium-thorium 485 

dating of non-glacial sediments170,174. Coastal mountain glaciers are shown for the CIS, and 486 

the LGM ice-extent template156 is used for NE Asia (Methods).  487 
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Best-estimate of the MIS 5d (108–117 ka) ice-sheet extent  488 

For the best-estimate ice sheet in the Barents-Kara Sea, the MIS 5d minimum estimate 489 

is combined with the outline of Möller et al.60 for MIS 5d and Astakhov et al.53 for MIS 5b. 490 

The ice extent over Scandinavia follows the maximum of the empirical outlines for MIS 491 

5d8,34,47,59. To be conservative, the ice sheet is not extended to the Kormuzhikhantskaya 492 

moraine in Russia85,181,182, and no ice is shown in Britain. Ice in Greenland is shown in an 493 

inner- to mid-shelf position, following the work of Funder et al.82 who suggest that the 494 

eastern GIS extended to the Kap Brewster ridge off Scoresby Sund during MIS 5d. Ice in 495 

Iceland is extended to the present-day coastline. The minimum ice-sheet reconstruction for 496 

MIS 5d is used for the best-estimate in North America. The maximum ice-extent 497 

template55,156 is used for NE Asia. To be conservative, grounded ice is not shown in the 498 

Arctic Ocean, but we note that grounded ice may have been present on bathymetric 499 

highs105,183. 500 

Robustness scores for the MIS 5d (108–117 ka) ice-sheet reconstruction 501 

EIS 3 (ice-sheet-wide empirical outlines of contrasting extent) 502 

LIS 3 (single broad-scale empirical outline) 503 

CIS 1 (modelled outlines) 504 

NE Asia 1 (modelled outlines) 505 

Mean robustness score: 2  506 
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Supplementary Note 11: MIS 6 (132–190 ka) 507 

The reader should refer to Supplementary Figure 6c for a map of previously published 508 

data on ice-sheet extent during MIS 6, Supplementary Figure 6d for a map of the maximum, 509 

minimum and best-estimate ice-sheet reconstructions, and Supplementary Table 10 for details 510 

of the data sources used to inform these reconstructions.  511 

Maximum estimate of the MIS 6 (132–190 ka) ice-sheet extent  512 

The maximum empirical data limit is used to define most of the maximum EIS during 513 

MIS 6. The empirically derived Samarovo limit of Astakhov et al.53 in eastern Siberia is also 514 

included because of uncertainty about the timing of this event (MIS 6 or 8). Ice in Greenland 515 

and Iceland is shown at the shelf edge.  516 

Over North America, the southern margin of the LIS is based on the empirical 517 

outlines of Balco and Rovey87 and Curry et al.91. The western margin of the LIS is defined by 518 

the empirical data of Barendregt et al.88 (modified from Barendregt and Duk-Rodkin138) the 519 

empirically derived outline of Jackson et al.99 and the modelled outlines of Peltier108 and de 520 

Boer et al.10. This reconstruction leaves Edmonton ice free during this time, as suggested by 521 

Young et al.160. The Quaternary maximum ice-extent templates are used for the CIS57 and NE 522 

Asia55,156 (see Methods). Extensive grounded ice is shown in the Arctic Ocean89,100,105,118,183.  523 

Minimum estimate of the MIS 6 (132–190 ka) ice-sheet extent  524 

The minimum empirical data limit is used for the minimum EIS during MIS 6. The 525 

Urdachsk and Sampesa moraine limits on the Taymyr Peninsula60 are not included as these 526 

may have been formed during MIS 5b–d. Ice in Greenland and Iceland is shown at the 527 

present-day coastline. For the LIS, the empirical outlines of Balco and Rovey87, Curry et al.91 528 

and Jackson et al.99, are combined with the empirical outline of Barendregt et al.88 (modified 529 

from Barendregt and Duk-Rodkin138). The LGM ice-extent template is used for the CIS. The 530 

Quaternary maximum ice-extent template in NE Asia55,156 is used to account for the extensive 531 

empirically derived ice-sheet outline of Barr and Solomina41 on the Kamchatka Peninsula. 532 

Grounded ice is shown in the Eastern Siberian Sea89. 533 

Best-estimate of the MIS 6 (132–190 ka) ice-sheet extent  534 

For the best-estimate EIS during MIS 6, the detailed empirical outlines of Ehlers et 535 

al.93, Marks102, Marks et al.104 and Astakhov et al.53 are used, which broadly agree with the 536 
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coarser outlines of Svendsen et al.62 and Hughes and Gibbard98. The Samarovo limit is not 537 

included, since this is more likely to have been reached during MIS 853. The depiction of the 538 

GIS at the shelf break is in agreement with work that has inferred extensive glaciation of East 539 

Greenland during MIS 682,116. Shelf-break glaciation is also inferred beyond Britain26,71, 540 

Iceland and the Canadian Arctic Archipelago.  541 

Over North America, the empirical data of Balco and Rovey87, Curry et al.91 and 542 

Jackson et al.99, are combined with the coarse ice-sheet outline of Barendregt et al.88 543 

(modified from Barendregt and Duk-Rodkin138) for the southern and western LIS margin. 544 

The LIS is extended to the shelf break at its southeastern and eastern margin, which is in 545 

agreement with modelled outlines10,11. For the CIS, the Reid ice-extent template of suggested 546 

MIS 4/MIS 6 age is used in Alaska57 and Yukon64 (Methods). The maximum Quaternary ice-547 

extent template is used in NE Asia55,156 to account for the large ice sheet suggested by Barr 548 

and Solomina41 for MIS 6. The maximum inferred extent of grounded ice is shown in the 549 

Arctic Ocean89,100,105,118,183. 550 

Robustness scores for the MIS 6 (132–190 ka) ice-sheet reconstruction 551 

EIS 5 (ice-sheet-wide empirical outlines) 552 

LIS 4 (detailed regional empirical outlines and coarse ice-sheet-wide outline) 553 

CIS 3 (detailed regional empirical outline and coarse ice-sheet-wide outline) 554 

NE Asia 3 (regional empirical outline) 555 

Mean robustness score: 3.75  556 
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Supplementary Note 12: MIS 8 (243–279 ka) 557 

The reader should refer to Supplementary Figure 7a for a map of previously published 558 

data on ice-sheet extent during MIS 8, Supplementary Figure 7c for a map of the maximum, 559 

minimum and best-estimate ice-sheet reconstructions, and Supplementary Table 11 for details 560 

of the data sources used to inform these reconstructions.  561 

Maximum estimate of the MIS 8 (243–279 ka) ice-sheet extent  562 

For the maximum EIS during MIS 8, the available empirical outlines in eastern 563 

Russia53,98 are combined with the best-estimate ice-sheet extent during MIS 6 in western 564 

Russia and the Barents-Kara Sea. Further to the west, the maximum ice limit includes the 565 

Krznanian limit of Marks103 in Poland, the data of Roskosch et al.106, who suggest two 566 

Saalian (MIS 6 and 8) advances into the Leine Valley in Germany, and the data of Beets et 567 

al.123 in the North Sea. The maximum Quaternary ice-sheet extent (Anglian Stage limit of 568 

MIS 1295) is used for Britain, which encompasses the MIS 8 limit suggested by White et 569 

al.121, 122. Shelf-break glaciation is shown for Greenland and Iceland.  570 

Over North America, the northern margin of the LIS is shown at the present-day shelf 571 

break. For the southern LIS margin, the maximum of the two modelled outlines of 572 

Ganopolski and Calov11 and de Boer et al.10 is extended to account for the outline of Balco 573 

and Rovey87 that has been suggested for 0.2–0.75 Ma. The maximum reconstruction for MIS 574 

6 is used for the western LIS, which keeps the LIS and CIS separate following the work of 575 

Young et al.160. The maximum Quaternary ice-extent templates are used for the CIS57 and NE 576 

Asia55,156 (Methods). Extensive grounded ice (following the empirically derived outlines for 577 

MIS 689,100,105) is shown in the Arctic Ocean. 578 

Minimum estimate of the MIS 8 (243–279 ka) ice-sheet extent  579 

For the minimum EIS during MIS 8, the Samarovo glaciation limit of Astakhov et 580 

al.53 is used in western Siberia and otherwise the minimum estimate for MIS 4 is followed 581 

(because of the similar benthic δ18O records for MIS 4 and 879). To be conservative, this 582 

outline is reduced further over Finland and Sweden. Because of uncertainty about the timing 583 

of these events, the tentative MIS 8 limits of White et al.121, 122, Marks103 and Roskosch et 584 

al.106 are not included in the minimum reconstruction, and ice is not shown in Britain or in 585 

the North Sea. Ice in Greenland and Iceland is shown at the present-day coastline. The 586 
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minimum ice-sheet extent for MIS 4 is used for the LIS. Because of an absence of empirical 587 

data, the 30 ka ice-extent template16 is used for the CIS, and no ice is shown in NE Asia.  588 

Best-estimate of the MIS 8 (243–279 ka) ice-sheet extent  589 

Our best-estimate ice-sheet extents for MIS 8 have high uncertainty. They should not 590 

be used to indicate the position of the ice-sheet margin, only as an indication of the likely 591 

amount of ice present in the NH during this time. For the best-estimate EIS during MIS 8, the 592 

empirically derived Samarovo limit of Astakhov et al.53 is used in eastern Europe. Ice is 593 

extended to Vologda city, Russia, where it may correlate with the Vologda glaciation98. Ice is 594 

shown to the shelf break in the Barents-Kara Sea and on the mid-Norwegian shelf115.  595 

The extent of ice in Britain during MIS 8 is controversial; some researchers suggest 596 

that the BIIS reached a similar position to that during the LGM121,122, whereas others suggest 597 

that no unequivocal physical evidence of glaciation during MIS 8 has been identified from 598 

the UK98. In our best-estimate reconstruction, we show an intermediate-sized ice sheet over 599 

Britain that extends to the shelf break beyond Scotland71 and covers part of the North 600 

Sea72,123,130. The modelled outline of Ganopolski and Calov11 is used for the southern and 601 

western BIIS margin. To be conservative, ice is not shown extending into central Germany 602 

and Poland103,106 during this time. Ice in Greenland is shown in an intermediate, mid-shelf 603 

position, with the exception of part of the western Greenland margin where shelf-break 604 

glaciation has been suggested during this time119. The minimum ice extent is used for Iceland.  605 

Over North America, for the LIS, the best-estimate for MIS 4 is used (because of the 606 

similar benthic δ18O records for MIS 4 and 879), but this is not allowed to be larger than the 607 

maximum MIS 8 limit. The exception is the northwest margin of the LIS, where the best-608 

estimate for MIS 6 is used to prevent ice from extending into the Mackenzie Delta region. 609 

The range of ages provided for the southern LIS margin by Balco and Rovey87 span MIS 8, 610 

but the three ice advances that are proposed between 0.2 and 0.75 Ma most likely occurred in 611 

MIS 6, 12 and 16 because these were the most extensive glaciations in this time span 612 

according to the benthic δ18O record79. To be conservative, the 30 ka ice-extent template16 is 613 

used for the CIS (although Huscroft et al.184 suggest that the Reid glaciation may date to MIS 614 

8 in some areas). The LGM ice-extent template156 is used for NE Asia.  615 

Robustness scores for the MIS 8 (243–279 ka) ice-sheet reconstruction 616 

EIS 3 (regional empirical outlines and point-source data) 617 

LIS 2 (small-scale empirical outline; uses ice-sheet extent during MIS 4) 618 
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CIS 1 (modelled outline) 619 

NE Asia 1 (modelled outline) 620 

Mean robustness score: 1.75 621 

 622 

 623 

 624 

 625 

 626 
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 630 
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 633 

 634 

 635 

 636 

 637 

 638 

 639 



67 

 

Supplementary Note 13: MIS 10 (337–365 ka) 640 

The reader should refer to Supplementary Figure 7c for a map of previously published 641 

data on ice-sheet extent during MIS 10, Supplementary Figure 7d for a map of the maximum, 642 

minimum and best-estimate ice-sheet reconstructions, and Supplementary Table 12 for details 643 

of the data sources used to inform these reconstructions.  644 

Maximum estimate of the MIS 10 (337–365 ka) ice-sheet extent  645 

The maximum EIS during MIS 10 includes the empirical data points in western 646 

Europe30,94 97,106. The maximum reconstruction for MIS 8 is used in Poland, Belarus and 647 

western Russia, to account for the suggestion that ice in MIS 10 could have extended as far as 648 

the northern foreland of the South Polish Uplands185. As the ice-sheet extent during MIS 10 649 

has been suggested to have been smaller than during both MIS 6 and 898, the smaller of the 650 

best-estimates for MIS 6 and 8 is followed in eastern Europe. Ice in Greenland and Iceland is 651 

shown at the present-day shelf break.  652 

Over North America, for the LIS, the maximum modelled extent for MIS 10 is 653 

combined with the outline of Balco and Rovey87. Ice is shown to the shelf break along the 654 

northern and eastern margin of the LIS, as suggested by the modelled outlines of Ganopolski 655 

and Calov11 and de Boer et al.10. The best-estimate for MIS 12 was followed over 656 

Pennsylvania to account for suggestions that this region was ice-covered during either MIS 657 

10 or 12186-190. The rest of the southern LIS margin is the maximum modelled ice extent for 658 

MIS 10 combined with the empirically derived outline of Balco and Rovey87. The maximum 659 

reconstruction for MIS 6 is used for the western LIS, which keeps the LIS and CIS separate 660 

following the work of Young et al.160. The maximum Quaternary ice-extent templates are 661 

used for the CIS57 and NE Asia55,156 (Methods). Extensive grounded ice (following the 662 

empirically derived outlines for MIS 689,100,107) is shown in the Arctic Ocean. 663 

Minimum estimate of the MIS 10 (337–365 ka) ice-sheet extent  664 

For the minimum EIS during MIS 10, the minimum reconstruction for MIS 8 is used 665 

in Scandinavia and Britain, and the minimum reconstruction for MIS 4 is applied elsewhere. 666 

We note that the eastern EIS extent is probably unrealistically small. Ice in Greenland and 667 

Iceland is shown at the present-day coastline. The minimum outline for MIS 4 is used for the 668 

LIS. The 30 ka ice-extent template16 is used for the CIS and no ice is shown in NE Asia. 669 
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Best-estimate of the MIS 10 (337–365 ka) ice-sheet extent  670 

Because of a lack of empirical data, our best-estimate ice-sheet extents for MIS 10 are 671 

highly uncertain. As a result, they should not be used to indicate the position of the ice-sheet 672 

margin, only as an indication of the likely amount of ice present in the NH during this time. 673 

For the best-estimate EIS reconstruction for MIS 10, the best-estimate for MIS 8 is used for 674 

the northern and western limits. To be conservative, ice is not shown extending into central 675 

Germany and Poland during this time94,103,106. We note that these areas are shown as ice-676 

covered in the maximum reconstruction. In eastern Europe and western Siberia, due to an 677 

absence of information, an approximate mid-point between the best-estimates for MIS 8 and 678 

4 is used.  679 

The extent of ice in Britain during MIS 10 is controversial; some researchers have 680 

suggested that the BIIS during MIS 10 reached a similar position as during the Elsterian 681 

glaciation (MIS 12)90,97, whereas others have questioned these data, largely because the 682 

relationships between dated sand deposits and glacial extents can be ambiguous98. In our 683 

best-estimate reconstruction, we show an intermediate sized ice sheet over Britain that 684 

extends to the shelf break beyond Scotland71 and covers part of the North Sea72. The 685 

modelled outline of Ganopolski and Calov11 is used for the southern and western BIIS 686 

margin. Ice in Greenland is shown in a mid-shelf position, with the exception of part of the 687 

western Greenland margin where shelf-break glaciation has been suggested during this 688 

time119. The minimum ice extent is used for Iceland.  689 

Over North America, the best-estimate for MIS 4 is used for the LIS. This is because 690 

MIS 4 and MIS 10 have broadly similar values in the benthic δ 18O stack79, although we note 691 

that MIS 10 has a lower value than both MIS 4 and MIS 8 and therefore had more ice. The 692 

exception is the NW margin of the LIS, where we use the best-estimate for MIS 6 to prevent 693 

ice from extending into the Mackenzie Delta region. The range of ages provided for the 694 

southern LIS margin by Balco and Rovey87 spans MIS 10, but the three ice advances that are 695 

suggested to have occurred between 0.2 and 0.75 Ma most likely occurred in MIS 6, 12 and 696 

16 because these were the most extensive glaciations in this time span according to the 697 

benthic δ18O record79. The 30 ka ice-extent template16 is used for the CIS, and the LGM ice-698 

extent template156 is used for NE Asia (Methods).  699 

Robustness scores for the MIS 10 (337–365 ka) ice-sheet reconstruction 700 

EIS 2 (regional empirical outlines, point-source data and modelled outlines) 701 

LIS 2 (regional empirical outline and modelled outlines; uses ice-sheet extent during MIS 4) 702 
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CIS 1 (modelled outlines) 703 

NE Asia 1 (modelled outlines) 704 

Mean robustness score: 1.5  705 
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Supplementary Note 14: MIS 12 (429–477 ka) 706 

The reader should refer to Supplementary Figure 8a for a map of previously published 707 

data on ice-sheet extent during MIS 12, Supplementary Figure 8b for a map of the maximum, 708 

minimum and best-estimate ice-sheet reconstructions, and Supplementary Table 13 for details 709 

of the data sources used to inform these reconstructions.  710 

Maximum estimate of the MIS 12 (429–477 ka) ice-sheet extent  711 

The maximum empirical outlines over Europe are followed for the maximum EIS 712 

during MIS 12. The outline of Eissmann94, which shows part of the Don lobe as MIS 12, is 713 

included. The southern limit, between the Urals and the empirical outline of Astakhov et al.53, 714 

is the all-time Quaternary maximum, which, in this region, is the maximum reconstruction of 715 

MIS 8. Ice is extended to the shelf break in the Barents-Kara Sea, off Norway and beyond 716 

Greenland and Iceland. For the LIS, the maximum reconstruction for MIS 6 is used, which 717 

includes the empirically derived outline of Balco and Rovey87. The maximum Quaternary 718 

ice-extent templates are used for the CIS57 and NE Asia55,156 (Methods). Extensive grounded 719 

ice (following the empirically derived outlines for MIS 689,100,105) is shown in the Arctic 720 

Ocean. 721 

Minimum estimate of the MIS 12 (429–477 ka) ice-sheet extent  722 

For the minimum EIS and LIS during MIS 12, empirical outlines87,93,95,96,101,104 are 723 

used where available and the minimum reconstruction of MIS 6 is used where there are gaps 724 

in empirical data coverage. Ice in Greenland and Iceland is shown at the present-day 725 

coastline. The 30 ka ice-extent template16 is used for the CIS, and the LGM ice-extent 726 

template156 is used in NE Asia (Methods).  727 

Best-estimate of the MIS 12 (429–477 ka) ice-sheet extent  728 

The detailed empirical outlines of Gibbard and Clark95 in Britain, Laban and van der 729 

Meer101 in the Netherlands, and Ehlers et al.93 in Germany are followed for the best-estimate 730 

EIS during MIS 12. The empirical outlines of Marks et al.104 and Gozhik et al.96 are adopted 731 

in eastern Europe, and the outline of Astakhov et al.53 is followed in central Siberia. Due to 732 

the lack of empirical data between these regions, the best-estimate of MIS 6 is used to delimit 733 

the southern margin of the EIS. Ice in Greenland and Iceland is shown at the shelf break. The 734 

best-estimate for MIS 6 is used for the LIS, which includes the outline of Balco and Rovey87. 735 
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The LGM ice-extent template is used for the CIS, and the maximum Quaternary ice-extent 736 

template55,156 is used for NE Asia (Methods).  737 

Robustness scores for the MIS 12 (429-477 ka) ice-sheet reconstruction 738 

EIS 4 (many regional empirical outlines) 739 

LIS 2 (regional empirical outline; uses ice-sheet extent from MIS 6) 740 

CIS 1 (modelled outline; LGM empirically derived template) 741 

NE Asia 1 (modelled outline) 742 

Mean robustness score: 2  743 
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Supplementary Note 15: MIS 16 (622–677 ka) 744 

The reader should refer to Supplementary Figure 8c for a map of previously published 745 

data on ice-sheet extent during MIS 16, Supplementary Figure 8d for a map of the maximum, 746 

minimum and best-estimate ice-sheet reconstructions, and Supplementary Table 14 for details 747 

of the data sources used to inform these reconstructions.  748 

Maximum estimate of the MIS 16 (622–677 ka) ice-sheet extent  749 

For the maximum EIS during MIS 16, the maximum empirical data53,96,98 are used for 750 

the southern ice-sheet margin. The maximum reconstruction for MIS 12 is used for Britain, 751 

western Scandinavia and the Barents-Kara Sea because of the similar benthic δ18O records for 752 

MIS 16 and 1279. This incorporates the empirical data of Hamblin et al.97 in Britain, and the 753 

suggestion of shelf-break glaciation on the mid-Norwegian margin115. Ice is shown at the 754 

shelf break beyond Greenland and Iceland. Ice is also shown at the shelf break along the 755 

northern and eastern margin of the LIS. The southern LIS follows the empirical data for MIS 756 

1687,128, and the western margin uses the maximum reconstructed ice limit for MIS 6. The 757 

maximum Quaternary ice-extent templates are used for the CIS57 and NE Asia55,156 758 

(Methods). Extensive grounded ice (following the empirically derived outlines for MIS 759 

689,100,105) is shown in the Arctic Ocean. 760 

Minimum estimate of the MIS 16 (622–677 ka) ice-sheet extent  761 

For the minimum EIS during MIS 16, we use the empirically derived outlines of 762 

Olsen et al.8 in Scandinavia and the Barents-Kara Sea, Toucanne et al.130 in Denmark, 763 

Germany and Poland, and Astakhov et al.53 in Russia. Note that our minimum reconstruction 764 

for the EIS in Siberia shows virtually no ice, which is likely to be unrealistic even for a 765 

minimum estimate. To be conservative in our minimum estimate, grounded ice is not 766 

included in the North Sea. Schematic ice caps are shown over Scotland and Ireland, as in the 767 

minimum reconstruction for MIS 20–24. Ice in Greenland and Iceland is shown at the 768 

present-day coastline. For the minimum LIS during MIS 16, the minimum empirical data129 is 769 

used where they are available, and the minimum of MIS 6 is used where empirical data for 770 

MIS 16 are lacking. Owing to a lack of data, the 30 ka ice-extent template16 is used for the 771 

CIS, and the LGM ice-extent template156 is used in NE Asia (Methods).  772 
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Best-estimate of the MIS 16 (622–677 ka) ice-sheet extent  773 

For the best-estimate EIS for MIS 16, the empirically derived outlines of Toucanne et 774 

al.130, Gozhik et al.96, Astakhov et al.53 and Marks et al.104 are used for the southern limit in 775 

Europe. East of the Urals, in western Siberia, the best-estimate of MIS 6 is used to provide a 776 

realistic ice-sheet extent given the relatively extensive glaciation of Russia during MIS 1653. 777 

The EIS is extended to the shelf break on the mid-Norwegian margin115. Further, our best-778 

estimate for MIS 16 shows the EIS extending into the central North Sea, as in the best-779 

estimate for MIS 20–24. The EIS and BIIS are not joined during this time, following the 780 

suggestion of Toucanne et al.130. Ice in Greenland and Iceland is shown at the shelf break.  781 

To produce the best-estimate of MIS 16 ice over North America for the LIS, the 782 

empirical outlines of Aber128 and Colgan129 are used to delimit the southern extent. For the 783 

remainder, the best-estimate from MIS 6 is used. In western North America, the LGM ice-784 

extent template is used for the CIS93, and the maximum Quaternary ice-extent template55,156 is 785 

adopted for NE Asia (Methods).  786 

Robustness scores for the MIS 16 (622–677 ka) ice-sheet reconstruction 787 

EIS 4 (regional empirical outlines; uses ice-sheet extents from MIS 6 and 12) 788 

LIS 4 (regional empirical outlines; uses ice-sheet extents from MIS 6 and 12) 789 

CIS 0 (no data) 790 

NE Asia 0 (no data)  791 

Mean robustness score: 2  792 
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Supplementary Note 16: MIS 20–24 (790–928 ka) 793 

The reader should refer to Supplementary Figure 9a for a map of previously published 794 

data on ice-sheet extent during MIS 20–24, Supplementary Figure 9b for a map of the 795 

maximum, minimum and best-estimate ice-sheet reconstructions, and Supplementary Table 796 

15 for details of the data sources used to inform these reconstructions.  797 

Maximum estimate of the MIS 20–24 (790–928 ka) ice-sheet extent  798 

For the maximum EIS during MIS 20–24, tentative empirical outlines for the 799 

Nidanian glaciation96,103 are merged with the maximum estimates of MIS 8 and 10 combined 800 

(because of the similar benthic δ18O values for MIS 8, 10 and 20–2479). Ice in Greenland and 801 

Iceland is shown to the shelf break. Over North America, for the LIS, the outline of Balco 802 

and Rovey87 is combined with the maximum estimate for MIS 8 and 10. Over western North 803 

America and NE Asia, to capture the maximum scenario, the maximum Quaternary ice-extent 804 

templates are used for the CIS57 and in NE Asia55,156 (see Methods). Finally, extensive 805 

grounded ice (following the empirically derived outlines for MIS 689,100,105) is shown in the 806 

Arctic Ocean. 807 

Minimum estimate of the MIS 20–24 (790–928 ka) ice-sheet extent  808 

For the minimum EIS during MIS 20–24, we use the same ice-sheet extent as for the 809 

minimum ice-sheet reconstruction for the early Matuyama magnetic Chron (1.78–2.6 Ma). 810 

The minimum reconstruction for the early Matuyama Chron follows the smaller of the two 811 

empirically derived reconstructions of Knies et al.141 over the Barents-Kara Sea, and the 812 

minimum of the empirical outlines132,139,141 for the early Matuyama Chron over Scandinavia. 813 

Schematic ice caps are shown over Scotland and Ireland to account for IRD evidence for 814 

marine-terminating glaciers during this time137. Ice in Greenland and Iceland is shown at the 815 

present-day coastline. Over North America, the reconstruction of Andriashek and 816 

Barendregt131 is used for the LIS, and the 30 ka ice-extent template16 is used for the CIS. 817 

Finally, no ice is shown in NE Asia or the Arctic Ocean. 818 

Best-estimate of the MIS 20–24 (790–928 ka) ice-sheet extent  819 

Our MIS 20–24 time-slice spans part of the Mid-Pleistocene Transition, which was a 820 

time of generally expanded NH ice sheets. In our MIS 20–24 best-estimate reconstruction, 821 

the EIS is extended into central Europe to incorporate the suggested outlines for the Nidanian 822 
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glaciation of around 0.9 Ma96,103. At this time, we also interpolate an ice margin between 823 

Scandinavia and central Europe, linking the limit of Olsen et al.8 with those of Gozhik et al.96 824 

and Marks103. The expansion of the EIS into central Europe around 1 Ma has been inferred to 825 

have led to excavation of the Baltic Basin, causing the Baltic (Eridanos) river system, which 826 

had operated in the Miocene, Pliocene and Early Pleistocene, to lose its connection to the 827 

Scandinavian and Baltic headwaters191,192. The empirically derived outline of Olsen et al.8 is 828 

used for the best-estimate ice sheet in the Barents-Kara Sea. The EIS is extended to the shelf 829 

break off western Norway115 and into the central North Sea132,133,136. We note that there is 830 

also evidence for the FIS extending into the central North Sea slightly earlier, around 1.1–1.2 831 

Ma193,194. To be conservative, ice in Iceland is shown at the present-day coastline, and the 832 

minimum ice-sheet extent is used for Britain and Ireland. The reconstruction of the GIS at the 833 

shelf break during MIS 20–24 is in agreement with an increase in IRD at around 0.8 Ma134, 834 

and seismic evidence for multiple cross-shelf glaciations between 0.78 and 1.77 Ma135.  835 

To produce the best-estimate reconstruction of MIS 20–24 ice over North America, 836 

the LIS reconstruction of Andriashek and Barendregt131 is combined with the best-estimate 837 

for MIS 8 at the southeast and northeast ice-sheet margin. This is because the reconstruction 838 

of Andriashek and Barendregt131 is a schematic outline around sites that they interpret to have 839 

been covered by ice as suggested by palaeo-magnetic dating, and is therefore a minimum 840 

extent. Our best-estimate of MIS 20–24 ice also smooths an irregular ice margin in the 841 

southwest by extending the outline by about 100 km. The minimum reconstruction is 842 

followed for the northwest LIS in the Mackenzie Delta region. To account for the relatively 843 

large empirically derived outline of Andriashek and Barendregt131, the Reid ice-sheet 844 

template of MIS 4/6 is used for the CIS57,64. Finally, the LGM ice-extent template156 is shown 845 

in NE Asia (Methods) and no ice is shown in the Arctic Ocean. 846 

Robustness scores for the MIS 20–24 (790–928 ka) ice-sheet reconstruction 847 

EIS 3 (regional empirical outlines of contrasting extent) 848 

LIS 3 (regional empirical outline and coarse ice-sheet-wide outline; uses ice-sheet extent 849 

from MIS 8) 850 

CIS 3 (coarse ice-sheet-wide outline and empirical data points) 851 

NE Asia 0 (no data) 852 

Mean robustness score: 2.25  853 
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Supplementary Note 17: Early Matuyama palaeomagnetic Chron         854 

(1.78–2.6 Ma) 855 

The reader should refer to Supplementary Figure 9c for a map of previously published 856 

data on ice-sheet extent during the early Matuyama palaeomagnetic Chron, Supplementary 857 

Figure 9d for a map of the maximum, minimum and best-estimate ice-sheet reconstructions, 858 

and Supplementary Table 16 for details of the data sources used to inform these 859 

reconstructions.  860 

Maximum estimate of the early Matuyama palaeomagnetic Chron (1.78–2.6 Ma) ice-861 

sheet extent  862 

Our reconstructions aim to show the maximum extent of the NH ice sheets within the 863 

long (0.8 Ma) period of the early Matuyama Chron (Methods). For the maximum EIS during 864 

this period, the best-estimate reconstruction for MIS 20–24 is used in most cases; this 865 

includes the proposed extent of the Narewian glaciation of Germany and Poland103, which has 866 

been suggested to be c.1.4 Ma in age, because of uncertainty in dating older sediments. 867 

However, the maximum outline differs from the MIS 20–24 reconstruction in the North Sea. 868 

For the maximum ice extent in the early Matuyama Chron, we show the EIS extending 869 

westward into the northern North Sea, but it is not merged with the BIIS because the central 870 

North Sea was a deep basin during the Early Pleistocene133. We also show an ice sheet over 871 

Scotland and Ireland to account for IRD and seismic evidence for marine-terminating glaciers 872 

during this time137,142. Ice in Greenland and Iceland is shown to the shelf break.  873 

Over North America, for the LIS, the empirical data of Balco and Rovey87 is 874 

combined with the maximum reconstruction for MIS 6. Over western North America, the 875 

lack of available evidence means that the maximum Quaternary ice-extent templates are used 876 

for the CIS57 and NE Asia55,156 (Methods). Finally, extensive grounded ice (following the 877 

empirically derived outlines for MIS 689,100,105) is shown in the Arctic Ocean. 878 

Minimum estimate of the early Matuyama palaeomagnetic Chron (1.78–2.6 Ma) ice-879 

sheet extent  880 

For the minimum EIS during the early Matuyama magnetic Chron, the smaller of the 881 

two empirically derived outlines of Knies et al.141 is used for the islands of the Barents-Kara 882 

Sea. The minimum empirical outlines132,139,141 are used over Scandinavia, which show the ice 883 

sheet extending to the present-day coastline. Schematic ice caps are shown over Scotland and 884 
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Ireland to account for IRD evidence for marine-terminating glaciers during this time137. Ice in 885 

Greenland and Iceland is shown at the present-day coastline. Over North America, for the 886 

LIS, the empirically derived outlines of Balco and Rovey87 and Barendregt et al.88 (modified 887 

from Barendregt and Duk-Rodkin138) are used. The 30 ka ice-extent template16 is used for the 888 

CIS and no ice is shown in NE Asia (Methods).  889 

Best-estimate of the early Matuyama palaeomagnetic Chron (1.78–2.6 Ma) ice-sheet 890 

extent  891 

For the best-estimate EIS during the early Matuyama Chron, we use the larger of the 892 

two empirically derived outlines of Knies et al.141 in the Barents-Kara Sea and northern 893 

Scandinavia. This follows evidence that the Barents-Kara Ice Sheet developed to a moderate 894 

size during a transitional growth phase between around 2.4 and 1 Ma141,146,150,195-197. The 895 

outlines of Knies et al.141, Ottesen et al.133 and Rea et al.142 are followed in southern 896 

Scandinavia and the North Sea. Ice is extended to the present-day shelf break on the mid-897 

Norwegian margin, although we note that the shelf break has prograded several tens of 898 

kilometres in a seaward direction through the Quaternary115. To be conservative, the 899 

minimum ice-sheet extent is used over Britain, which shows ice in Scotland and Ireland 900 

reaching sea level137.  901 

The GIS is shown at the shelf break in our best-estimate reconstruction for the early 902 

Matuyama Chron. This follows seismic stratigraphic investigations and modelling studies 903 

that suggest that the GIS extended to the shelf break during the Late Pliocene to Early 904 

Pleistocene, between around 2.5 and 3 Ma116,134,143,145,148,150,198,199. An expanded GIS during 905 

this time is also suggested from IRD records144,149. The GIS probably advanced to the shelf 906 

break during several glacial periods within the early Matuyama palaeo-magnetic Chron135. 907 

Although our best-estimate reconstruction aims to capture the maximum ice-sheet extent 908 

within this long timeslice, we note that there is evidence for a reduced GIS during an Early 909 

Pleistocene warm period around 2.4 Ma200,201.  910 

Over North America, for the LIS, we adopt the best-estimate for MIS 4 combined 911 

with the empirical outlines of Balco and Rovey87 and Barendregt et al.88 (modified from 912 

Barendregt and Duk-Rodkin138). The maximum Quaternary ice-extent template is used for the 913 

CIS57, following suggestions that the CIS reached its maximum extent during the early 914 

Matuyama palaeo-magnetic Chron88,138. Because of the lack of data for NE Asia during this 915 

time-slice, the best-estimate uses the LGM ice-sheet template156, which is a mid-point 916 

between our minimum and maximum reconstructions.  917 
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Robustness scores for the early Matuyama palaeomagnetic Chron (1.78–2.6 Ma) ice-918 

sheet reconstruction 919 

EIS 3 (regional empirical outlines of contrasting extent) 920 

LIS 3 (regional empirical outline and coarse ice-sheet-wide empirical outline; uses ice-sheet 921 

extent of MIS 4) 922 

CIS 3 (coarse ice-sheet-wide outline and empirical data points) 923 

NE Asia 0 (no data) 924 

Mean robustness score: 2.25  925 
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Supplementary Note 18: Late Gauss palaeomagnetic Chron (2.6–3.59 Ma) 926 

The reader should refer to Supplementary Figure 10a for a map of previously 927 

published data on ice-sheet extent during the late Gauss palaeomagnetic Chron, 928 

Supplementary Figure 10b for a map of the maximum, minimum and best-estimate ice-sheet 929 

reconstructions, and Supplementary Table 17 for details of the data sources used to inform 930 

these reconstructions.  931 

Maximum estimate of the late Gauss palaeomagnetic Chron (2.6–3.59 Ma) ice-sheet 932 

extent  933 

In this section, it should be noted that we show the maximum ice extent during the late 934 

Gauss magnetic Chron (2.6–3.59 Ma) that probably dates to around 2.6 Ma, when NH 935 

glaciations became more extensive. Over northern Europe and the Barents-Kara Sea, the 936 

larger of the hypothesised outlines of Knies et al.141 are used. Our maximum ice outline for 937 

Scandinavia is also extended westward into the northern North Sea, following evidence that 938 

the FIS had a marine-terminating margin since around 2.7 Ma133. An ice sheet is shown over 939 

Scotland and Ireland to account for IRD evidence for marine-terminating glaciers137. Ice in 940 

Greenland and Iceland is shown to the shelf break.  941 

Over North America, for the LIS, the generalised schematic outline of Kleman et al.5 942 

for 35 ka and 40 ka is used for this maximum outline. Also included in this outline are the 943 

empirical data from hypothesis 2 of Dredge and Thorleifson42 for MIS 3, which show ice 944 

cover over Nova Scotia and northwestern Canada. For the CIS, because of an absence of 945 

empirical data, the maximum Quaternary ice-extent template is used, which is based mainly 946 

on Kaufman et al.57 and Turner et al.64 (Methods), to account for the large empirically 947 

derived outline of Barendregt et al.88 (modified from Barendregt and Duk-Rodkin138). The 948 

maximum Quaternary ice-extent template is used in NE Asia55,156. Finally, the maximum 949 

reconstruction shows extensive grounded ice (following the empirically derived outlines for 950 

MIS 689,100,105) in the Arctic Ocean. 951 

Minimum estimate of the late Gauss palaeomagnetic Chron (2.6–3.59 Ma) ice-sheet 952 

extent  953 

For the minimum EIS during the late Gauss palaeo-magnetic Chron, the present-day 954 

ice extent is combined with schematic ice caps in Norway and the Barents-Kara Sea (based 955 

on Hughes et al.4 for 35 ka). The present-day ice extent is also adopted for Greenland, 956 
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Iceland and the LIS. The 30 ka ice-extent template16 is used for the CIS and no ice is shown 957 

in NE Asia or the Arctic Ocean. 958 

Best-estimate of the late Gauss palaeomagnetic Chron (2.6–3.59 Ma) ice-sheet extent  959 

For the best-estimate EIS during the late Gauss palaeo-magnetic Chron, the minimum 960 

reconstruction of Knies et al.141 is used in northern Norway and the Barents-Kara Sea. This 961 

outline is adjusted slightly to cover our minimum reconstruction for the late Gauss 962 

palaeomagnetic Chron, which is based on the schematic ice caps of Hughes et al.4 for 35 ka. 963 

Following seismic and IRD evidence for a marine-terminating ice margin at around 2.7 964 

Ma149,202, we also extend this ice margin to the coastline of mid-Norway. The FIS is also 965 

extended into the northern North Sea, following evidence of a marine-terminating ice margin 966 

from around 2.7 Ma133. This evidence includes features interpreted as glacigenic debris-flow 967 

deposits on palaeo-slope surfaces132,203, IRD in sediment cores202,204, and iceberg 968 

ploughmarks preserved on early Quaternary surfaces139,142. Our best-estimate FIS is shown at 969 

the former shelf break in the northern North Sea, which was located around 80 km beyond 970 

the present-day coastline during the Late Pliocene/ Early Pleistocene when the North Sea was 971 

a deep basin133. The best-estimate reconstruction also shows ice caps over Scotland and 972 

Ireland to account for IRD evidence for marine-terminating glaciers during this time137. 973 

 The GIS is shown at the shelf break in our best-estimate reconstruction. This is in 974 

agreement with empirical and modelling work that suggests that the GIS extended to the shelf 975 

break during the Late Pliocene to Early Pleistocene, between around 2.5 and 3 Ma116,134,143,145, 976 

148,150,198,199. An expanded GIS during this time is also suggested from IRD records144,149. It is 977 

noted that the late Gauss palaeo-magnetic Chron spans a period of Early Pliocene warmth 978 

(5.5–3 Ma), during which there is evidence for a reduced GIS205-207. To be conservative, the 979 

present-day ice extent is shown for Iceland.  980 

Over North America, for the LIS, the best-estimate for 45 ka is used (based on 981 

hypothesis 2 of Dredge and Thorleifson42) and shows the main ice dispersal centres. Due to 982 

suggestions of an extensive CIS during this time88,138,147, the maximum Quaternary ice-extent 983 

template57 is used for the CIS. The LGM ice-extent template156 is used for NE Asia, which is 984 

a mid-point between our maximum and minimum reconstructions, and accounts for IRD 985 

evidence that glaciers on the Kamchatka Peninsula reached at least sea level around 2.6 986 

Ma125,208. 987 
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Robustness scores for the late Gauss palaeomagnetic Chron (2.6–3.59 Ma) ice-sheet 988 

reconstruction 989 

EIS 2 (regional empirical outlines) 990 

LIS 0 (no data) 991 

CIS 3 (coarse ice-sheet-wide outline and empirical data points) 992 

NE Asia 0 (no data) 993 

Mean robustness score: 1.25  994 
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