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Inner gorges cut by subglacial meltwater during Fennoscandian ice sheet decay

Abstract

The century-long debate over the origins of inner gorges that were repeatedly covered by Quaternary
glaciers hinges upon whether the gorges are fluvial forms eroded by subaerial rivers, or subglacial forms
cut beneath ice. Here we apply cosmogenic nuclide exposure dating to seven inner gorges along ~500
km of the former Fennoscandian ice sheet margin in combination with a new deglaciation map. We show
that the timing of exposure matches the advent of ice-free conditions, strongly suggesting that gorges
were cut by channelized subglacial meltwater while simultaneously being shielded from cosmic rays by
overlying ice. Given the exceptional hydraulic efficiency required for meltwater channels to erode bedrock
and evacuate debris, we deduce that inner gorges are the product of ice sheets undergoing intense
surface melting. The lack of postglacial river erosion in our seven gorges implicates subglacial meltwater
as a key driver of valley deepening on the Baltic Shield over multiple glacial cycles.
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Abstract

The century-long debate over the origins of inner gorges that were repeatedly covered by
Quaternary glaciers hinges upon whether the gorges are fluvial forms eroded by subaerial
rivers, or subglacial forms cut beneath ice. Here we apply cosmogenic nuclide exposure
dating to seven inner gorges along ~500 km of the former Fennoscandian ice sheet margin
in combination with a new deglaciation map. We show that the timing of exposure matches
the advent of ice-free conditions, strongly suggesting that gorges were cut by channelised
subglacial meltwater while simultaneously being shielded from cosmic rays by overlying ice.
Given the exceptional hydraulic efficiency required for meltwater channels to erode bedrock
and evacuate debris, we deduce that inner gorges are the product of ice sheets undergoing
intense surface melting. The lack of postglacial river erosion in our seven gorges implicates
subglacial meltwater as a key driver of valley deepening on the Baltic Shield over multiple

glacial cycles.

Introduction

Rivers at the margins of decaying ice masses carry water and sediment in prodigious
amounts that vary with seasonal fluctuations in melt rate and the hydraulic efficiency of
supra- and subglacial drainage systems'™. Such rivers frequently occupy V-shaped inner
bedrock gorges whose origin has fuelled a long-standing debate with links to a broader
discussion on the erosional efficacy of rivers versus glaciers*”. Fluvial sediment loads
measured at the ice front provide the pivotal evidence for significant subglacial erosion®’, but
how much of this erosion is the work of ice, and how much of subglacial meltwater?
Moreover, most acknowledge that it is generally uncertain whether sediment yield reflects
contemporary erosion of bedrock, or remobilisation of debris generated long ago under
different boundary conditions?”’.

Erosion patterns under continental ice sheets reflect basal thermal regimes*®"°.
Minimal erosion across interfluves and uplands where ice is commonly frozen to the bed
contrasts with areal scouring or selective linear erosion along valleys where ice thickens and
accelerates®''™"*. Preservation of pre (last) glacial surfaces is no longer controversial thanks
to in situ cosmogenic nuclide measurements that indicate long-term nuclide accumulation
over extensive areas of non-glacial blockfields'®". In the valleys, however, understanding
the partitioning and timing of glacial and fluvial erosion has proved more challenging because
morphological and cosmogenic nuclide-based evidence for glacial or fluvial activity is
strongly overprinted or erased during successive glacial cycles'. Inner gorges display
‘valley-in-valley’ cross sections and frequently host a mixture of subglacial and subaerial

bedforms that suggest a dynamic intersection of glacial and fluvial regimes'>2.
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Explanations for inner gorge formation divide into those favouring subglacial processes
versus those that invoke subaerial rivers operating either in postglacial or preglacial
(interglacial) times. The notion of channelised subglacial meltwater acting as the primary

erosional agent is rooted in early Scandinavian studies'>?'??

, and continues to receive strong
support among those concerned with tunnel valley genesis®*?*. Typical field evidence for
subglacial meltwater erosion includes anastomosing channels, irregular valley long profiles,
and topography that amplifies hydraulic potential®®'®2?°. Secondly, other workers attribute
inner gorges to subaerial pre- or postglacial river incision in response to base-level fall or
shifts in sediment supply®>%. A third explanation sees inner gorges as palimpsest fluvial
forms whose relief can deepen over multiple glacial cycles. As reported from sites in the
European Alps, preglacial inner gorges might become plugged with debris during glacial
advances followed by flushing by subaerial rivers that carve incrementally deeper into
bedrock'®%.

Our study adopts a fresh approach for understanding fluvial erosion associated with
glaciation by applying in situ cosmogenic nuclide exposure dating to inner gorges on a large
spatial scale. We examine gorges developed along ~500 km of the former Fennoscandian
ice sheet margin in northern Sweden (Figs. 1, and 2). We aim to test whether the inner
gorges represent predominantly inherited forms, or were carved subglacially; and whether
the rivers have been actively eroding in the Holocene. Inner gorges with preglacial origins
would be expected to yield exposure ages predating deglaciation (>10 kyr, Fig. 1a), whereas
those formed or deepened subglacially would yield exposure ages tied to the advent of ice-
free conditions. Postglacial river erosion would be indicated by gorge surfaces becoming

younger with depth.

Results

The highest shorelines and glaciofluvial deltas. The demise of the Fennoscandian ice
sheet (Fig. 1) was a time of major interplay between glacioisostasy and eustatic sea level
rise®~%¢. This interplay directed the timing and position of the earliest coastal emergence and
formation of the ‘highest shorelines’ (the marine limit) and glaciofluvial deltas in northern
Sweden (Fig. 1a), which we use as important markers in the landscape (see Methods).
Owing to spatial and temporal differences in glacioisostatic adjustments and sea level rise
over successive glacial cycles, the marine limits are unlikely to be coincident for successive
deglaciations®°. Glaciofluvial deltas associated with the shorelines have been used widely
to reconstruct spatial patterns of glacioisostatic rebound and to constrain maximum ice sheet

32-36
(

thickness Fig. 1b). Rivers supplied debris to build glaciofluvial deltas (Fig. 1a), which

| 34-36

rapidly migrated coastward in the wake of falling base leve owing to glacioisostatic uplift

outpacing eustatic sea level rise.



90

91

92

93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126

We mapped the inland limits of the highest shoreline and glaciofluvial deltas in 24
valleys along the palaeo-coast that marked the last ice sheet’s eastern margin (Fig. 1a).
Inner gorges were commonly found downstream of glaciofluvial channels and close to deltas
that mark the marine limit (Fig. 1a), suggesting a common timing in their development. Six
well-developed inner gorges were selected along large mainstem rivers (Supplementary
Figs. 1-14 and Supplementary Table 1), and bedrock surfaces were sampled for in situ
cosmogenic '°Be analysis. To test whether there was any direct relation between gorge
formation and the marine limit, we also sampled a gorge at Porjusfallet (Lulealv), 10 km

inland from the marine limit.

"Be exposure ages. Twelve of the fifteen '°Be exposure ages are generally consistent with
the timing of ice margin retreat (Figs. 1a, and 3), strongly suggesting that bedrock erosion
during the last glaciation removed the full "°Be inventory. Three outlying exposure ages from
surfaces marginal to the inner gorges (B1, K1, U1, Fig. 2) predate deglaciation by ~5.4 to
10.3 kyr, indicating that some fraction of their '°Be inventory is inherited from a previous
exposure period. The depth of erosion apparently varied over short distances, as seen at
Benbryteforsen and Balforsen where sites with inherited "®Be occur within 100 m of those
reset by subglacial erosion (Fig. 2¢,f). Details of the "°Be sampling and analyses are reported

in the Methods and Supplementary Tables 2—4.

Discussion

The regional concordance between exposure ages and deglaciation (Fig. 3) along the
~500 km palaeo-coast is the strongest evidence for gorges being extensively modified before
or during deglaciation. The match is equally good using an alternative deglaciation map*’
(Supplementary Table 3). The margins of uncertainty associated with our deglaciation
isochrons (£150 yr, ~1%, see Methods) and exposure ages (~5-9% external uncertainty)
means that we cannot exclude the possibility that some inner gorges were affected by
catastrophic subaerial water flows generated by collapse of glacially-dammed lakes during
deglaciation'®*®; however, there is no evidence of such events in the vicinity of the gorges we
examined. On the other hand, because the ice sheet blocks cosmic radiation, subglacial
erosion is entirely compatible with the lack of systematic relation between exposure age and
height above the channel zone (Fig. 2), and consistent with a model in which the gorges
emerged fully formed at the retreating ice front. Postglacial fluvial erosion, which would yield
ages younging towards the active channel zone, is likewise discounted; four of five channel
zone samples (from four separate gorges, excluding sites with '°Be inheritance located
outside inner gorges at Benbryteforsen and Balforsen, Fig. 2.) yield exposure ages that

correspond to deglaciation within 10 external uncertainty. Nonetheless, given that just two
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measurements derive from the channel bed (M1and M2, Fig. 2), we leave open the prospect
of restricted postglacial erosion in keeping with previous views***°.

We find no evidence to suggest that the inner gorges existed in their current form prior
to the last Weichselian glacial advance, were filled with sediment during the advance and
were then excavated subaerially®'®. No glacigenic sediments were found in the gorges, and
any temporary cover (or stagnant ice) was too short-lived® to shield bedrock from cosmic-
rays enough to affect the exposure ages. The close agreement between the exposure ages
and the timing of deglaciation (Fig. 3) means that any such flushing of glacigenic valley-fill
sediments debris must have occurred subglacially*'*%.

We cannot determine categorically what fraction of gorge depth (if any) was carved
during a previous glacial or interglacial period. However, the lack of incision observed over
the Holocene indicates that subaerial fluvial erosion is inefficient, and because shoreline
positions are not likely to be reproduced in successive deglaciations, the correlation of
gorges with the marine limit, if somehow causal, suggests that the gorges are deglaciation
forms that were cut subglacially during decay of the last Fennoscandian ice sheet.

From our focus on deglaciation events in northern Sweden we draw some pertinent
links with the western margin of the Greenland ice sheet today where outlet glaciers also
debouch onto a narrow terrestrial strip fringing the ablation zone. At Leverett Glacier
(67.06°N, 50.17°W) satellite imaging of lake drainage events suggests that the seasonal
increase in the hydraulic efficiency of subglacial drainage (i.e. the capacity to erode the
substrate via channelised flow) extends tens of kilometres inboard from the terminus, and
surface meltwater is accessing the base of the ice sheet and evacuating debris at rapid
rates'?*°. In addition to the effects of subglacial hydrology on sliding velocity®*', the
expansion inboard of zones of subglacial erosion’ is probably characteristic of decaying ice
sheets?°

Figure 4 illustrates how inner gorges may be generated as a function of channelised
meltwater flux at the margin of a retreating ice sheet. A point at the base of the
Fennoscandian ice sheet ~100 km inboard from the margin would have been ice-free after
~100-170 yr, assuming a retreat rate of 0.6—1.0 km yr~' (Figs 1a, and 4). Thus, development
of subglacial inner gorges that are 10s of metres deep implies extreme, though not

implausible, erosion rates that we speculate signify intense meltwater activity*'" 2’

perhaps
involving abrupt drainage of supraglacial lakes into the base of the ice sheet***°. We strongly
suspect that the transition in ice margin retreat from marine to terrestrial mode is somehow
critical to the formation of gorges near the grounding line (Fig. 4); however, a full
understanding of the physics of ice sheet decay, especially regarding subglacial hydrology, is
some way off'*'. What we can say with confidence is that the regional pattern of eskers in

northern Sweden is evidence for an energetic and channelised subglacial meltwater system
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(see Supplementary Fig. 15). Given that eskers and rivers both run orthogonal to the
retreating ice front, it seems that the bedrock topography underlying the ablation zone will
inevitably steer channelised subglacial flow along low-lying corridors during rapid decay?'®*’
(Fig. 4). We see bedrock morphology and subglacial hydrology as being inherently coupled
systems. Subglacial gorges may therefore be both a product and driver of a positive
feedback for enhancing drainage efficiency wherever intense surface melting produces large
volumes of meltwater. It is perhaps significant that within a few centuries of the inner gorges
being cut, the Fennoscandian ice sheet had disappeared.

The lack of postglacial river erosion in our seven gorges leads us to the speculative
proposal that subglacial meltwaters, not interglacial rivers, are a key driver of valley
deepening on the Baltic Shield over multiple glacial cycles (Fig. 5). But unlike alpine glacial
settings, which tend to further entrench pre-Quaternary dendritic drainage patterns'®2°42,
low-relief shield landscapes allow the locus of subglacial erosion to switch laterally between
neighbouring valleys over successive glaciations (Fig. 5). The resulting distribution of
erosional work is compatible with the anabranching valley networks commonly observed in

regions repeatedly covered by continental ice sheets* "¢,

Methods
Deglaciation of the Fennoscandian ice sheet. The isochron map describes the final ice
retreat based on geomorphic mapping coupled with geochronology (Fig. 1a,c). Isochrons
(150 yr uncertainty) are tied to the Swedish clay-varve chronology and correlated with the
GRIP chronology**, and the timing of final deglaciation is independently confirmed by
cosmogenic exposure dating. The isochron map (Fig. 1A, and Supplementary Fig. 16) was
constructed as follows. Retreat-stage outlines are adjusted from Kleman (1992)® based on
mapping by Hattestrand (1998)* of the youngest striae, till lineation directions, and lateral
meltwater channels (Supplementary Fig. 15)—following the rationale described in Kleman et
al. (1997)*. The geomorphology-based interpretation of the ice retreat pattern is linked to the
Swedish clay-varve chronology at Pautrask (locality shown in Supplementary Fig. 16; ref.47).
Connecting the clay-varve chronology to the present-day*® yields 9140 cal. yr BP for the ice
margin at Pautrask; to this we add 875 cal. yr according to the latest correlation of the clay-
varve chronology with the GRIP chronology*, thereby giving a deglaciation age of 10,015
cal. yr BP at Pautrask. For the timing of ice-retreat from Pautrask to the final ice remnants in
the Kvikkjokk area (locality shown in Supplementary Fig 16; ref.8), we extrapolate the
increase in retreat rate observed in the varve record, thereby yielding an estimated 9.9 kyr
for the final deglaciation.

As an independent check on the timing of final deglaciation, we compiled 26

cosmogenic exposure ages within 60 km of Kvikkjokk (Supplementary Table 4), including
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boulder erratics (n = 22), bedrock surfaces from meltwater channels (n = 2), and lee-side
scarps eroded during the last phases (n = 2) refs 13, 49-51, plus 2 unpublished ages). After
rejecting 7 samples with cosmogenic inheritance and 1 sample with incomplete exposure,
the remaining 18 samples yield a reduced chi-square value® of 1.48 for a weighted mean
age of 10.2 £ 0.7 kyr; an age that is within the uncertainty limits of the ~9.9 kyr obtained by
extrapolating the clay-varve chronology.

Additionally, we note that the concordance between exposure ages and deglaciation is
equally good using the Boulton et al. (2001)* deglaciation chronology (comparative
deviations are given in Supplementary Table 3).

The inception of post-Younger Dryas (YD) ice retreat from southern Sweden is taken to
match the timing of warming in Greenland at 11,525 cal. yr according to the GRIP
chronology**, and carries an uncertainty of +150 yr (ref.53). Our deglaciation isochron map is
built upon the assumption that the floating Swedish clay-varve chronology*® is internally
correct for the region stretching from the YD limits (11,525 cal. yr) to Pautrask (10,015 cal.
yr). Hence, the Greenland ice core chronology is the chief source of isochron uncertainty
(150 yr) from the YD limits to Pautrask.

For extrapolating the isochrons from Pautrask to the final ice remnants at Kvikkjokk
(Supplementary Fig. 16), we aimed to fuse the chronological data with a retreat rate that is
both glaciologically plausible and accordant with the field evidence. There is no a priori
minimum rate of ice retreat (a static ice margin represents a ‘still-stand’); however, given
neither end moraines nor evidence of large dead ice-masses®, nor cooling trends in the local
biostratigraphy, we argue for a monotonic final decay. It is expected that the pace of ice-
margin retreat accelerated as final deglaciation was approached, because the accumulation
area proportion of the ice sheet diminishes as the ice surface lowers. Yet, there are definite
limits to the rate of melting, given realistic climatic conditions. Shifting the final deglaciation
age to just 100 yr older (i.e. 10.0 kyr) requires an implausibly fast retreat rate from Pautrask
to Kvikkjokk of ~2 km yr™', which represents a 4-fold increase relative to the average ~0.5 km
yr~! retreat rate from the YD limits to Pautrdsk. A variation of 100 yr falls within the +150 yr
uncertainty associated with the isochrons linked to the varve-chronology; hence, we maintain
+150 yr is a reasonable estimate of uncertainty on the deglaciation isochron map. We cannot
exclude other sources of uncertainty related to identifying geomorphic evidence of
deglaciation, but we consider such effects as probably small.

Identification of the highest shorelines. Guided by published sources®*3%

, we identified
the inland limits of the highest elevation shoreline in each valley based on: 1) highest traces
of wave erosion indicated by slopes washed bare of till; 2) downstream limits of ice-marginal

glaciofluvial channels; and 3) highest glaciofluvial delta topsets. In 24 valleys ranging from
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~150 to 350 m deep, inner gorges ~20 to 35 m deep (Fig. 2) extend upstream of the inland
limits of the highest shorelines (Fig. 1a). Valley cross-sections were constructed from a 50-m
digital elevation model (Lantmateriet); channel cross-sections were measured in the field with
differential-GPS and assisted in most cases by rivers being impounded behind hydro-electric
dams immediately upstream. Channel long profiles were derived from pre-dam surveys®

(see Supplementary Fig. 1).

"Be sampling and analyses. From 7 well-developed inner gorges cut in uniform granitic
rocks, 15 smoothly abraded bedrock surfaces were sampled for '°Be analysis. All samples
were collected from flat to gently-inclined surfaces away from steep slopes, and above the
highest shoreline so were never subject to significant water shielding. Five samples derive
from the active channel zone (viz. P2, H5, U2, M1, M2), the latter two from the channel bed.
Quartz was isolated following standard procedures: '°Be was extracted using ion
chromatography at GFZ-Potsdam and the Glasgow University Cosmogenic Isotope
Laboratory; 1°Be/°Be ratios were measured at ETH-Ziirich and SUERC AMS laboratories,
including two sets of duplicates (i.e., two separate aliquots measured from the same

sample). See Supplementary Tables 2—4 for full details of the '°Be analyses.

References

1. Cowton, T., Nienow, P., Bartholomew, |., Sole, A. & Mair, D. Rapid erosion beneath the
Greenland Ice Sheet. Geology 40, 343-346 (2012).

2. Alley, R. B. et al. How glaciers entrain and transport basal sediment: Physical
constraints. Quaternary Science Reviews 16, 1017-1038 (1997).

3. Chandler, D. M. et al. Evolution of the subglacial drainage system beneath the
Greenland Ice Sheet revealed by tracers. Nature Geoscience 6, 195-198 (2013).

4.  Sugden, D. E. Glacial erosion by the Laurentide ice sheet. Journal of Glaciology 20,
367-391 (1978).

5. Harbor, J. & Warburton, J. Relative rates of glacial and nonglacial erosion in alpine
environments. Arctic and Alpine Research 25, 1-7 (1993).

6. Hallet, B., Hunter, L. & Bogen, J. Rates of erosion and sediment evacuation by
glaciers: A review of field data and their implications. Global and Planetary Change 12,
213-235 (1996).

7.  Koppes, M. N. & Montgomery, D. R. The relative efficacy of fluvial and glacial erosion
over modern to orogenic timescales. Nature Geoscience 2, 644-647 (2009).

8.  Kleman, J. The palimpsest glacial landscape in northwestern Sweden — Late
Weichselian deglaciation landforms and traces of older west-centred ice sheets.
Geografiska Annaler T4A, 305-325 (1992).



275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Kleman, J. & Stroeven, A. P. Preglacial surface remnants and Quaternary glacial
regimes in northwestern Sweden. Geomorphology 19, 35-54 (1997).

Kleman, J. & Glasser, N. F. The subglacial thermal organisation (STO) of ice sheets.
Quaternary Science Reviews 26, 585-597 (2007).

Briner, J. P. & Swanson, T. W. Using inherited cosmogenic **Cl to constrain glacial
erosion rates of the Cordilleran ice sheet. Geology 26, 3-6 (1998).

Li, Y. K. et al. Ice sheet erosion patterns in valley systems in northern Sweden
investigated using cosmogenic nuclides. Earth Surface Processes and Landforms 30,
1039-1049 (2005).

Fabel, D. et al. Landscape preservation under Fennoscandian ice sheets determined
from in situ produced "°Be and %Al. Earth and Planetary Science Letters 201, 397-406
(2002).

Stroeven, A. P. et al. Slow, patchy landscape evolution in northern Sweden despite
repeated ice-sheet glaciation. In: S.D. Willett, N. Hovius, M.T. Brandon, and D.M.
Fisher (eds.): Tectonics, Climate and Landscape Evolution. Geological Society of
America Special Paper 398, 387-396 (2006).

Ahlmann, H. W. Geomorphological studies in Norway: Part I. Southern Norway to the
63" parallel. Geografiska Annaler 1, 1-148 (1919).

Sugden, D. E. Deglaciation and isostasy in the Sukkertoppen ice cap area, West
Greenland. Arctic and Alpine Research 4, 97-117 (1972).

Sugden, D. E., Denton, G. H. & Marchant, D. R. Subglacial meltwater channel systems
and ice sheet overriding, Asgard Range, Antarctica. Geografiska Annaler 73, 109-121
(1991).

Booth, D. B. & Hallet. B. Channel networks carved by subglacial water: Observations
and reconstruction in the eastern Puget Lowland of Washington. Geological Society of
America Bulletin 105, 671-683 (1993).

Montgomery, D. R. & Korup, O. Preservation of inner gorges through repeated Alpine
glaciations. Nature Geoscience 4, 62-67 (2010).

Durst Stucki, M., Schlunegger, F., Christener, F., Otto, J.C. & Gotz, J. Deepening of
inner gorges through subglacial meltwater — An example from the UNESCO Entlebuch
area, Switzerland. Geomorphology 139-140, 506-517 (2012).

Gjessing, J. Some effects of ice erosion on the development of Norwegian valleys and
fiords. Norsk Geografisk Tidsskrift 20, 273-299 (1965).

Holtedahl, H. Notes on the formation of fjords and fjord-valleys. Geografiska Annaler
49, 188-203 (1967).

Lesemann, J. -E. & Brennand, T. A. Regional reconstruction of subglacial hydrology

and glaciodynamic behaviour along the southern margin of the Cordilleran ice sheet in



312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

British Columbia, Canada and northern Washington state, USA. Quaternary Science
Reviews 28, 2420-2444 (2009).

Kehew, A. E., Piotrowski, J.A., & Jgrgensen, F. Tunnel valleys: Concepts and
controversies — A review. Earth-Science Reviews 113, 33-58 (2012).

McEwan, L. J., Matthews J. A., Shakesby, R. A. & Berrisford M. S. Holocene gorge
excavation linked to boulder fan formation and frost weathering in a Norwegian alpine
periglaciofluvial system. Arctic, Antarctic and Alpine Research 34, 345-357 (2002).
Schlunegger, F. & Hinderer, M. Pleistocene/Holocene climate change, re-
establishment of fluvial drainage network and increase in relief in the Swiss Alps. Terra
Nova 15, 88-95 (2003).

Valla, P. G., van der Beek, P. A. & Lague, D. Fluvial incision into bedrock: Insights from
morphometric analysis and numerical modeling of gorges incising hanging valleys
(Western Alps, France). Journal of Geophysical Research 115, F02010 (2010).
Jansen, J. D. et al. Does decreasing paraglacial sediment supply slow knickpoint
retreat? Geology 39, 543-546 (2011).

Tricart, J. A subglacial gorge: La Gorge du Guil (Hautes-Alpes). Journal of Glaciology
3, 646-651 (1960).

Korup, O. & Schlunegger, F. Bedrock landsliding, river incision, and transience of
geomorphic hillslope—channel coupling: Evidence from inner gorges in the Swiss Alps.
Journal of Geophysical Research 112, F03027 (2007).

Svendsen, J. |. et al. Late Quaternary ice sheet history of northern Asia. Quaternary
Science Reviews 23, 1229-1271 (2004).

Hoppe, G. Glacial morphology and inland ice recession in northern Sweden.
Geografiska Annaler 41, 193-212 (1959).

Méorner, N.-A. The Fennoscandian uplift and late Cenozoic geodynamics: Geological
evidence. GeoJournal 3, 287-318 (1979).

Lundqvist, J. The deglaciation. National Atlas of Sweden: Geology (ed. Fredén, C.)
124-135, Stockholm (1994).

Lambeck, K., Smither, C. & Johnston, P. Sea-level change, glacial rebound and mantle
viscosity for northern Europe. Geophysical Journal International 134, 102-144 (1998).
Lindén, L., Mdller, P., Bjorck, S. & Sandgren, P. Holocene shore displacement and
deglaciation chronology in Norrbotten, Sweden. Boreas 35, 1-22 (2006).

Boulton, G. S., Dongelmans, P., Punkari, M. & Broadgate, M. Palaeoglaciology of an
ice sheet through a glacial cycle; the European ice sheet through the Weichselian.
Quaternary Science Reviews 20, 591-625 (2001).

Elfstrdm, A. Large boulder deposits and catastrophic floods. A case study of the
Baldakatj area, Swedish Lapland. Geografiska Annaler 69, 101-121 (1987).

10



349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Rudberg, S. Young fluvial valleys in Scandinavia and in the Arctic compared as to form
and possible rate of formation. Zeitshrift fiir Geomorphologie Supplementbénde 93,
111-126 (1993).

Das, S. B. et al. Fracture propagation to the base of the Greenland Ice Sheet during
supraglacial lake drainage. Science 320, 778-781 (2008).

Herman, F., Beaud, F., Champagnac, J. -D., Lemieux, J. -M. & Sternai, P. Glacial
hydrology and erosion patterns: A mechanism for carving glacial valleys. Earth and
Planetary Science Letters 310, 498-508 (2011).

Haynes, V. M. The modification of valley patterns by ice-sheet activity. Geografiska
Annaler 59A, 195-207 (1977).

Johansson, C. E. Rivers draining into the Gulf of Bothnia. In: M. Seppéala (ed.), The
Physical Geography of Fennoscandia. Oxford University Press, pp 325-348 (2005).
Andrén, T., Bjorck, J. & Johnsen S. Correlation of Swedish glacial varves with the
Greenland (GRIP) oxygen isotope record. Journal of Quaternary Science 14, 361-371
(1999).

Hattestrand, C. The glacial geomorphology of central and northern Sweden. Sveriges
Geologiska Undersékning Ca 85, 1-47 (1998).

Kleman, J., Hattestrand, C., Borgstrom, |. & Stroeven, A. Fennoscandian
paleoglaciology reconstructed using a glacial geological inversion model. Journal of
Glaciology 43, 283-299 (1997).

Bergstrom, R. Stratigrafi och isrecession i sédra Vasterbotten. Sveriges Geologiska
Undersékning C 634, 1-76 (1968)

Cato, I. The definitive connection of the Swedish time scale with the present, and new
date of the zero year in Déviken, northern Sweden. Boreas 14, 117-122 (1985).
Fabel, D. et al. Exposure ages from relict lateral moraines overridden by the
Fennoscandian ice sheet. Quaternary Research 65, 136-146 (2006).

Harbor, J. et al. Cosmogenic nuclide evidence for minimal erosion across two
subglacial sliding boundaries of the late glacial Fennoscandian ice sheet.
Geomorphology 75, 90-99 (2006).

Stroeven, A. P., Fabel, D., Harbor, J. M., Fink, D. & Dahlgren, T. Importance of
sampling across an assemblage of glacial landforms for interpreting cosmogenic ages
of deglaciation. Quaternary Research 76, 148-156 (2011).

Balco, G. Contributions and unrealized potential contributions of cosmogenic-nuclide
exposure dating to glacier chronology, 1990-2010. Quaternary Science Reviews 30, 3-
27 (2011).

Rasmussen, S.O. et al. A new Greenland ice core chronology for the last glacial

termination. Journal of Geophysical Research—-Atmospheres 111, D06102 (2006).

11



386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422

54. SMHA (Statens Meteorologisk-Hydrografiska Anstalt). Férteckning dver Sveriges
vattenfall. Norrlands alvar fran Tornealv till Natraan. Vattenfallsstyrelsen, Norstedt
Forlag, Stockholm (1930).

Acknowledgements

This research was funded through a UK Natural Environment Research Council postdoctoral
fellowship to JDJ (NE/EO14143/1), Swedish Research Council grants to APS (G-AA/GU
12034-300 and G-AA/GU 12034-301), and a USA National Science Foundation grant to JMH
(OPP 9818162). We thank F. Ng and M. Margold for early comments.

Author contributions
JDJ and ATC designed the study and carried out the fieldwork. APS, CH, JK, JMH, and JH
constructed the deglaciation map. ATC and DF executed the '°Be analyses, with PWK and

SX driving the AMS. JDJ wrote the paper with input from the other authors.

Figure legends

Figure 1. Field area in northern Scandinavia. a, 24 study rivers (blue lines) and 7 inner
gorges (yellow dots labelled A to G) sampled for exposure dating. Glaciofluvial deltas (white
triangles) associated with the highest and most inland shorelines mark where the ice margin
and terrestrial coastline briefly coexisted before the ice retreated inland. Deglaciation
isochrons (red) indicate the tempo of ice margin retreat (see Methods). Scale bar is 100 km.
b, Isobases (red) indicate elevations of uplifted postglacial shorelines® relative to the
sampled inner gorges (yellow dots) that span ~500 km of the palaeo-ice sheet margin. Note
that individual isobases are time-transgressive because ice-free conditions necessary for
shoreline development progressed from south to north; their concentric pattern reflects
isostatic loading of the ice sheet, with maximum ice thickness close to the present-day coast.
¢, Maximum extent of the Fennoscandian ice sheet at the Late Weichselian glacial maximum
~20 kyr (ref. 31).

Figure 2. "®Be exposure ages and cross sections. a—g, Channel cross-sections (on right)
are located by red arrows in the broader valley cross-sections (on left). Vertical scales apply
column-wise and vertical exaggeration is 3.5 and 15-times on the right and left, respectively.

All exposure ages (red squares) are given in kyr +10 internal uncertainty (note duplicates at
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Porjusfallet). The zone of active bedrock channel erosion (thick blue lines) pertains to the
pre-dam flood regime, as estimated from stage- indicators and the presence of lichen. Five
samples were collected from the channel zone (viz. P2, H5, U2, M1, M2), the latter two from

the channel bed.

Figure 3. '’Be exposure ages expressed as deviations from deglaciation age. Negative
deviation means that exposure ages are younger than deglaciation, and all ages are shown
with £20 external uncertainty. Vertical bands separate the field sites. Isochron uncertainty
(2150 yr) is indicated by the blue band. Deviations calculated using an alternative isochron
map®’ yield similar results (see Supplementary Table 3, and Methods for full details of the
deglaciation model).

Figure 4. lllustration of inner gorge formation relative to meltwater flux at the
grounding line-margin of a decaying ice sheet. a, Ice sheet margin in section showing the
ablation zone and corresponding growth in subglacial meltwater flux. The inboard-migrating
tip of the meltwater ‘wedge’ extends in the order of ~100 km inboard. b, Inboard migration of
the ablation zone drives a corresponding migration of peak meltwater flux across the
landscape via surface melting of the ice sheet. The right panel is a notional illustration of the
variation in meltwater flux through the gorges as deglaciation progresses from t; to t,.
Subglacial meltwater flux at the gorge sites may be low when the ablation zone lies outboard
of the gorge zone (t4), but rising as the ablation zone migrates across the gorge zone (t;—t,).
Concurrently, high fluxes of channelised meltwater with elevated hydraulic potential gradient
are forced along low-lying terrain corridors, flushing debris and promoting maximum bedrock
erosion at t,. After further ice retreat (1), high fluxes of meltwater continue until final
deglaciation (t4), but in contrast to t,, erosion rates along the gorges decline because the
subaerial rivers are unpressurised and sediment ‘tools’ necessary for bedrock erosion are

largely trapped in proglacial lakes®.

Figure 5. Interconnected network of anabranching valleys in northern Sweden
represented by a digital elevation model. Two rivers (blue lines) and inner gorge sites
sampled for exposure dating: E, Vormforsen (Vindelalv); and F, Balforsen (Umealv) (see Fig.
1A, and location inset); major glaciofluvial deltas are: 1, Betsele; 2, Dallundfaltet; and 3,
Rusktraskfaltet. Scale bar is 10 km. Deglaciation isochrons (white lines, kyr) indicate the
alignment of the retreating ice margin relative to the anabranching valleys. Note the lack of
tributary drainage; such interconnected valley networks are observed across much of the

Baltic Shield**, suggesting that subglacial meltwater systems carve alternative lateral routes
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459  over multiple glaciations (Fig. 2e,f shows these valleys in cross-section; subglacial drainage

460  paths are shown in Supplementary Fig. 15).
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