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In actively deforming regions fluvial systems are strongly regulated by uplift. River geometries record 
histories of vertical motions that can be used to examine the driving forces generating topographic relief. 
Iceland’s rapidly evolving landscapes provide an opportunity to disentangle histories of uplift generated 
by postglacial rebound, volcanism, dynamic support, and plate spreading. Broad knickzones observed 
along Iceland’s large rivers, and its powerful waterfalls and deep canyons, hint that regional processes 
have generated significant relief. We combine high-resolution drone photogrammetry and cosmogenic 
3He dating of fluvial terraces to measure the erosional history of one of Iceland’s largest knickzones, 
Jökulsárglúfur, in the northeast part of the island. Progressive younging of terraces indicates knickpoint 
propagation rates of up to ∼70 cm a−1 during the last 8 ka. Knickpoint velocities appear to be controlled 
partly by toppling of basalt columns. These rates were used to calibrate a model that inverts Iceland’s 
drainage networks for uplift rate histories. Calculated uplift and isostatic calculations indicate that rifting, 
sub-plate support, and isostatic adjustment resulted in tens to hundreds of meters of regional Holocene 
uplift. Our results suggest regional uplift and fluvial erosion can rapidly generate hundreds of meters of 
relief in post-glacial landscapes.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Histories of topographic growth and decay contain informa-
tion about evolution of tectonic and erosional processes at a range 
of scales. An important challenge is to develop observations and 
theory to constrain histories of landscape evolution. We examine 
Iceland, where topography and the geological record contain ex-
cellent evidence for regional and local uplift moderated by glacial 
and fluvial processes (Fig. 1; Geirsdóttir et al., 2007; Bjornsson, 
2009). For example, stratigraphic records on- and offshore, crustal 
thickness, and basalt and ocean chemistry indicate a punctuated 
history of Neogene uplift and erosion of Iceland (Jones et al., 2002; 
Shorttle et al., 2010; Verhoeven et al., 2011; Parnell-Turner et al., 
2014). Uplift measurements at spot locations from Global Position-
ing Satellite (GPS) and InSAR data have been used to constrain 
faulting, seismicity, magmatism, and post-glacial rebound (Sturkell 
et al., 2006; Pagli et al., 2007; Árnadóttir et al., 2009). Geomor-
phological and stratigraphic evidence for island-wide glaciation 
prior to 8 ka include hanging and U-shaped valleys, drop stones, 
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moraines, drumlins, and striated bed rock (Spedding and Evans, 
2002; Kjær et al., 2008). The last major deglaciation (Preboreal) in 
Iceland began at ∼10 ka, when ice caps that previously extended 
to the modern coastline began retreating and reached their current 
extent at ∼8 ka (Nordhdahl et al., 2008). Unloading of the litho-
sphere during deglaciation has generated up to ∼100 m of uplift 
across large parts of the island, providing important constraints on 
mantle viscosity (e.g. Pagli et al., 2007).

Stratigraphy and historical accounts indicate that fluvial ero-
sion in Iceland can generate several meters of relief in short 
amounts of time (hours to days) during high-discharge glacial out-
burst floods (i.e. jökulhlaups; Smith et al., 2000). Longitudinal river 
profiles extracted from ASTER GDEM and Landmælingar Íslands 
Hæðarlíkan (LMÍ) digital elevation data show that many of the is-
land’s large waterfalls (e.g. Dettifoss, Gullfoss, Goðafoss) sit within 
longer wavelength changes in slope (i.e. knickzones) that are tens 
to hundreds of kilometres wide and hundreds of meters high 
(Figs. 1b–e). The pervasiveness of knickzones throughout Iceland’s 
drainage networks suggests that its erosional system is responding 
to regional changes in base level. Cross-sections through Icelandic 
topography show relief downstream of its large fluvial knickzones 
can exceed relief upstream (Fig. 2). These observations are consis-
tent with field studies that indicate fluvial erosion can dramati-
cally increase relief in previously glaciated landscapes (Koppes and 
Montgomery, 2009).
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. (a) Map of Icelandic geology and topographic relief from ASTER GDEM (Jöhannesson and Sæmundsson, 1989; Tentler and Temperley, 2007; Martin et al., 2011). NVZ
= Northern Volcanic Zone. (b) Longitudinal river profile extracted from LMÍ DEM and underlying geology of Jökulsá á Fjöllum. Note extent of survey area, see panel (f); FI =
fissure. (c)–(e) Longitudinal river profiles of Jökulsá a Brú, Ölfusá, and Skálfandafljót extracted from ASTER GDEM (see inset map in panel b). Y-axis = elevation (km). Black 
arrows = waterfalls and dams. (f) Jökulsárgljúfur canyon geology and ArcticDEM topography. White polygon = location of UAV DEM (see Fig. 3). (For interpretation of the 
colours in the figures, the reader is referred to the web version of this article.)
To determine the history of Iceland’s post-glacial topography 
we measured erosion rates of the largest knickzone in Jökulsá á 
Fjöllum, which contains three large waterfalls (knickpoints): Self-
oss, Dettifoss, Hafragilsfoss (Figs. 3a–c). Jökulsá á Fjöllum flows 
∼200 km from its source beneath the Vatnajökull glacier to the 
sandur plains in Öxarfjörður in the Arctic Ocean and runs sub-
parallel to the Northern Volcanic Zone, through the Jökulsárgljú-
fur canyon (Figs. 1a, 1b, & 1f). Total drainage area of the river 
is ∼8000 km2 and maximum annual discharge is ∼500 m3 s−1

(Baynes et al., 2015a). The mouth of Jökulsárgljúfur is located 
∼45 km upstream from the coast and sits within the broad knick-
zone shown in Fig. 1b. The canyon has walls in excess of 100 m 
high, containing layered basalt flows with thicknesses between 
5–50 m (Fig. 3d). The flows are composed of vertical and subver-
tical basalt columns. Three prominent fluvial terraces cut across 
lava flows and abut the Selfoss, Dettifoss, and Hafragilsfoss water-
falls (Figs. 3d & 3e). These observations suggest that terraces were 
abandoned due to waterfall retreat (e.g. Baynes et al., 2015a). The 
presence of flutes, scours, tool marks, potholes, and polished sur-
faces on the terraces show that fluvial abrasion plays an important 
role in generating relief from vertical incision (see Figs. 4a–d).

We combine field mapping and Unmanned Aerial Vehicle (UAV) 
imagery with cosmogenic 3He dating of abandoned river terraces 
to constrain the canyon’s erosional history. We compare our wa-
terfall retreat rates to models of block toppling which make use 
of measured discharge along Jökulsá á Fjöllum. We use these data 
to calibrate models of spatio-temporal uplift across Iceland, which 
can then be compared to independent constraints of uplift, and 
can be used to assess the importance of fluvial, glacial, and tec-
tonic processes in generating Iceland’s modern topography.

2. Data & methods

2.1. UAV photogrammetry

A digital elevation model of the Jökulsárgljúfur canyon was gen-
erated using a DJI Phantom 4 drone and the Pix4Dmapper software 
(see Figs. 3d & 3e). The canyon was mapped as 12 separate flight 
missions with grids of surface area ∼400 × 400 m. Each grid con-
tained 300–400 overlapping photographs. Camera angle was set 
to 60◦ to map canyon walls. Flight elevation was ∼90 m above 
land and water surfaces, which avoided most waterfall spray. Pho-
tographs from each mission were processed using Pix4Dmapper
software to produce a high density 3D point cloud, which was used 
to generate the orthomosaic and elevation model. Ground control 
points were acquired using three 50 cm square targets for each 
grid using a Trimble Geo 7x and a Zephyr external GNSS antenna. 
Elevation models for each grid were georeferenced and corrected 
for altitude using the ground control points. Absolute horizontal 
and vertical errors are 40 cm and 70 cm, respectively. Further pro-
cessing was performed using ESRI ArcGIS to remove noise due to 
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Fig. 2. (a) Cross-sections perpendicular to Jökulsá á Fjöllum extracted from LMÍ DEM; note inset map shows location of cross-sections. Light/dark blue curves = projected 
planform/longitudinal profiles of the river. Red = fluvial incision in Jökulsárgljúfur canyon (see Figs. 3 & 2c). Note broad U-shaped valley upstream. (b), (c), & (d) photographs 
of river at positions indicated in panel (a). White dotted lines = volcano-tectonic features: FI = fissure, SC = scoria cone and associated Holocene flow deposits; T =

abandoned terraces.
waterfall spray, clouds, flowing water, and edge effects. The resul-
tant digital elevation model has a horizontal and vertical resolution 
of up to 4 cm (Figs. 3d & 3e).

2.2. Cosmogenic 3He dating

To determine exposure ages of abandoned terraces, samples 
were collected along Jökulsá á Fjöllum in June 2017 (Fig. 3e).
ASTER, LMÍ, and ArcticDEM digital elevation data, satellite imagery, 
and field mapping were used to identify suitable sampling sites. 
Fluvial terraces were identified by their geometries (e.g. close to 
horizontal, abutting waterfalls; Fig. 3d) and presence of geomor-
phological markers such as scour marks, potholes, polishing, flutes, 
boring, striations (Figs. 4a–d). Twenty-five rock samples from three 
fluvial terraces were extracted for 3He cosmogenic exposure dat-
ing. An additional sample was collected 40 km downstream at the 
mouth of the river, and one from a terrace in Jökulsá á Brú (see 
Table 1).

A cordless angle-grinder was used to extract ∼5 × 2 × 2 cm 
rock cuboids from near-horizontal surfaces. A few samples were 
obtained from rock edges and extracted using a sledgehammer. We 
avoided sampling where there was evidence for soil and lichen. 
Crushing, sieving, magnetic, and density separation techniques 
were used to extract 150- to 250-μm-diameter olivine and pyrox-
ene grains. Samples were purified by sonication in 2% (vol/vol) 2:1 
HF:HNO3 acid for 1 h at room temperature. Larger samples and 
those with adhering groundmass were also sonicated in 5% acid 
up to three times and dry-sieved at 150 μm. To remove mantle-
derived 3He trapped in melt and fluid inclusions, the samples were 
ground in propanol. This method avoids 3He adsorption from the 
atmosphere (Protin et al., 2016). Up to 300 μm of the purified sam-
ples were placed into aluminium foil balls and fed into a vacuum 
where noble gases were extracted at 1250 ◦C (Blard et al., 2015).

3He concentrations of samples were measured using a MAP 
215-50 noble gas mass spectrometer in the Noble Gas Laboratory at 
the California Institute for Technology. Repeat measurements were 
made for four samples: AE03-2, AW07-2, CW01-2, CW06-2, with 
good agreement in 3He concentration within error for each sam-
ple (Table 1). Exposure ages were calculated as t = n/P , where n =
number of measured 3He atoms, and P is cosmogenic 3He produc-
tion rate. The production rate at each sample site was calculated 
using

P = Pref × S E L × Sz × Stopo × Ssnow . (1)

We use reference production rate, Pref = 124 ± 4 at g−1 a−1, cal-
ibrated for Iceland by independent radiocarbon dating (Licciardi 
et al., 2006). Spatial scaling, S E L , varies as a function of elevation 
and latitude and was estimated using the scaling factors given by 
Stone (2000) who used a modified version of Lal (1991)’s approach. 
Additional scaling factors Sz , Stopo , and Ssnow depend on sample 
thickness, topographic shielding, and snow cover, respectively. We 
solve an expanded version of Equation (1):
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Fig. 3. (a)–(c) Photographs of the three largest waterfalls in the Jökulsárgljúfur canyon. Locations are shown in panel (d). (d) UAV DEM of the canyon draped by orthomosaic 
imagery (2× vertical exaggeration). Coloured surfaces = mapped terraces. DEM is 5 km long in field of view. Blue arrow indicates flow direction. (e) DEM of canyon with 
key geological/geomorphological observations and sample locations: S = Selfoss, D = Dettifoss, H = Hafragilsfoss, FI = fissure, SC = scoria cone. White circles = samples 
collected in this study used to calculate retreat rates in Fig. 7; grey circles = samples not used to calculate retreat rates; white/grey triangles = samples from Baynes et al. 
(2015b).
P = Pref ×
[
a + b exp

(
− p

150

)
+ cp + dp2 + ep3

]
× �

ρz

[
1 − exp

(
− zρ

�

)]

×
[

1 − 1

2π

n∑
i=1

�φi sin3.3 θi

]

× 1

12

12∑
j=1

exp

(
− zs j ρs

�

)
.

(2)

Spatial scaling S E L is calculated using air pressure, p, which 
is a function of elevation, E , and can be calculated using p =
psl exp{[−gM/RL][ln(T ) − ln(T − LE)]}, where psl = air pres-
sure at sea-level (1013.25 × 102 Pa), g = gravitation accelera-
tion (9.81 m s−2), M = molar weight of air (28.97 g mol−1), 
R = gas constant (8.314 J mol−1 K−1), L = adiabatic lapse rate 
(0.0065 K m−1) and T = air temperature at sea-level (288.15 K). 
Scaling coefficients a = 71.8733, b = 863.1927, c = −0.207069, 
d = 2.0127 × 10−4, e = −6.6043 × 10−8, which are appropri-
ate for latitudes >60◦ (Stone, 2000). Sz calculates attenuation 
of cosmic rays in rock as a function of attenuation wavelength, 
�, density, ρ , and sample thickness, z. We set � = 150 g cm−1

and ρ = 2.8 g cm−3 (Gosse and Phillips, 2001; Marrero et al., 
2016). Topographic shielding, Stopo , was estimated using a sight-
ing clinometer to measure azimuth, φi , and inclination, θi , of n
topographic obstructions along the horizon in a 2π arc from each 
sample site (Dunne et al., 1999). Finally, shielding due to snow 
cover, Ssnow , was calculated. Maximum annual cumulative precip-
itation in Akureyri and Ásbyrgi is 400–500 mm of which ∼50%
falls as snow in 8 months each year (Eythorsson et al., 1971; 
Björnsson, 1980; Einarsson, 1984; Ólafsson et al., 2007; Crochet 
et al., 2007; Jónsdóttir and Uvo, 2009). We tested snow densi-
ties, ρs , and thicknesses, zs , between 0.1 ≤ ρs ≤ 0.3 g cm−3 and 
0 ≤ zs ≤ 25 cm (Gosse and Phillips, 2001). Using a central value of 
ρs = 0.2 g cm−3 and zs = 12.5 cm results in a snow shielding 
factor Ssnow = 0.989 for all samples. All other values for scal-
ing factors are sample-specific and are listed in Table 1. Olivine 
and pyroxene have similar 3He production rates and variations in 
olivine:pyroxene do not add any significant age errors (Fenton et 
al., 2009).

A systematic sweep of parameters in the production rate model 
in Equation (2) was performed to estimate their contribution to 
uncertainties in calculated exposure ages (Fig. 5). Uncertainties in 
reference production rates and snow cover contributed the largest 
systematic error to calculated exposure ages (3.4% and 2.2%, re-
spectively; Figs. 5a & 5d). Uncertainties in spatial scaling, sample 
thickness, and topographic shielding contribute errors < 0.5%. The 
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Fig. 4. Examples of fluvial erosion and sample sites along Jökulsárglúfur canyon terraces. (a) Example of sample site AE03. Note flute marks on terrace. Dark blue arrow =
direction of river flow. (b) High density of scour marks on eastern side of Terrace B. (c) Flutes, potholes, and scour marks on Terrace B close to Dettifoss. (d) Tool marks and 
flutes at higher state of degradation on Terrace C. (e) & (f) Location of shielded sample used for correction of cosmogenic 3He in Jökulsárglúfur. Top of cave is ∼20 m from 
top of canyon. White arrow = location of cave on Terrace B (eastern side).
Lifton-Sato scaling schemes were used to test a range of time-
dependent cosmogenic production scenarios, which incorporated 
temporal and spatial variability of geomagnetic and solar modula-
tion of cosmic ray fluxes (Lifton et al., 2005; Sato and Niita, 2006). 
Sample data were propagated through the CRONUS exposure age 
calculator (Marrero et al., 2016). Results yielded an average differ-
ence in production scales of 1.8% compared to models that assume 
constant flux. We also tested the Dunai (2000) time-dependent 
scaling scheme used by Baynes et al. (2015b), which yielded an 
average difference of 2.2%. Samples BE05 and BW02, located close 
to the crest of Dettifoss, have exposure ages of 0 ka within error, 
which suggests that vertical erosion rates were sufficiently high 
that negligible 3He accumulated prior to formation of the terrace 
(Terrace B).

A sample shielded from cosmic rays was collected from a cave 
in the canyon to correct for non-cosmogenic 3He (Figs. 4e & 4f). 
The sample was collected from the back wall of the cave (>10 m 
from entrance) and close to its ceiling (>20 m from lava flow top) 
where incidence of cosmic rays is probably negligible. The sample 
acquired from this cave was assumed to be representative for the 
three terraces. The correction for non-cosmogenic 3He is

n = nt − ns, (3)

where n is the number of cosmogenic 3He atoms in each sample, 
nt is the total uncorrected number of 3He atoms measured, and 
ns is the number of 3He atoms measured from the shielded (i.e. 
cave) sample, where ns = 38 ± 23 × 103 at g−1. Non-cosmogenic 
3He accounts for 3–73% of total 3He measured in samples (mean 
= 14%; largest uncertainties are for the youngest samples, e.g. 
BE05). Errors in exposure age, δt , were calculated by propagat-

ing errors in measured 3He atoms, δn =
√

δn2
t + δn2

s , and pro-

duction rate, δP = Pref S
√

(δPref /Pref )
2 + (δSsnow/Ssnow)2, where 

S = S E L × Sz × Stopo × Ssnow , using
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 +
ne mass

Cosmogenic 3He 
(×103 at g−1) ±1σ c

Exposure age 
(yr) ±1σ

392 ± 40 2347 ± 257
526 ± 41 3143 ± 273
582 ± 45 3880 ± 332
635 ± 37 4232 ± 295
446 ± 37 2666 ± 245
673 ± 43 4291 ± 319
1028 ± 45 6141 ± 355
1240 ± 59 7418 ± 450
969 ± 54 5799 ± 386
216 ± 85 1316 ± 519
43 ± 302 262 ± 1842
456 ± 38 2777 ± 252
157 ± 38 965 ± 239
14 ± 78 87 ± 475
232 ± 207 1488 ± 1329
1387 ± 144 8611 ± 955
364 ± 182 2270 ± 1141
1931 ± 65 12664 ± 636
1698 ± 67 10825 ± 587
329 ±41 2127 ± 277
313 ± 31 2027 ± 214
314 ± 48 2079 ± 326
397 ± 40 2585 ± 278
466 ± 42 3092 ± 718
302 ± 90 1974 ± 593
367 ± 45 2455 ± 314
211 ± 31 1410 ± 214
214 ± 38 1553 ± 280
233 ± 38 1545 ±258
61 ± 87 494 ± 698
92 ± 222 584 ± 1413
– –

355 ± 126 2150 ± 750
1005 ± 195 6000 ± 1200
230 ± 170 1450 ± 1050
235 ± 128 1500 ± 800
281 ± 161 1800 ± 1000
244 ± 121 1600 ± 800
1149 ± 389 7500 ± 2800
1286 ± 276 9850 ± 2650

ed in retreat rate calculations as they are not though to 

 assigning an average ± total error. Note that production 
 of 2.2%, indicating choice of scaling scheme has limited 
Table 1
Sample data used to measure cosmogenic 3He exposure ages of fluvial terraces in northeast Iceland.

Sample 
namea

Latitude 
(◦)

Longitude 
(◦)

Elevation 
(m)

Distance from 
knickpoint
(m)b

Thickness 
(cm)

Thickness 
scaling 
factor, Sz

Topographic 
shielding 
factor, Stopo

Lal & Stone 
scaling 
factor, S E L

Production rate 
(at g−1 yr−1) ±1σ

Olivine
pyroxe
(g)

This work:
AW01 65.80614 −16.38841 316.5 176 2 0.982 1.000 1.389 167 ± 6 0.307
AE02 65.80826 −16.38830 317.7 392 2 0.982 1.000 1.391 167 ± 6 0.287
AE03 65.80700 −16.38749 317.2 255 14 0.880 1.000 1.390 150 ± 6 0.318
AE03-2 0.439
AE04 65.80593 −16.38647 316.8 125 2 0.982 1.000 1.390 167 ± 6 0.342
AW05 65.80716 −16.38978 316.9 252 9 0.921 1.000 1.390 157 ± 6 0.318
AW06 65.80954 −16.39037 318.2 577 2 0.982 0.999 1.392 167 ± 6 0.347
AW07 65.81160 −16.38877 321.2 820 2.5 0.977 1.000 1.396 167 ± 6 0.318
AW07-2 0.263
BE01 65.81844 −16.38345 299.7 397 2 0.982 0.998 1.367 164 ± 6 0.095
BW02 65.81406 −16.38551 300.4 40 2 0.982 0.994 1.368 164 ± 6 0.025
BW03 65.81910 −16.38670 303.7 – 2 0.982 0.993 1.372 164 ± 6 0.383
BE04 65.81608 −16.38339 301.7 133 2.5 0.977 0.988 1.370 162 ± 6 0.276
BE05 65.81494 −16.38339 298.2 8 2 0.982 0.995 1.365 163 ± 6 0.101
BW06 65.82083 −16.38814 298.6 825 3 0.973 0.957 1.365 156 ± 6 0.037
BW07 65.83801 −16.41459 284.9 – 2.5 0.977 0.998 1.347 161 ± 6 0.062
BW08 65.83904 −16.41588 279.3 – 2.5 0.977 0.998 1.340 160 ± 6 0.042
BE09 65.83015 −16.39092 308.3 – 11 0.904 0.998 1.378 152 ± 6 0.300
BE10 65.83171 −16.39376 309.0 – 8 0.929 0.998 1.379 157 ± 6 0.317
CW01 65.82427 −16.38953 247.7 1215 2 0.982 0.989 1.299 155 ± 6 0.310
CW01-2 0.486
CW02 65.82623 −16.39138 247.6 1461 2.5 0.977 0.971 1.299 151 ± 6 0.204
CW03 65.82692 −16.39184 247.5 1537 2 0.982 0.982 1.299 154 ± 6 0.406
CW04 65.83094 −16.40128 246.8 2123 2.5 0.977 0.968 1.298 151 ± 6 0.320
CW05 65.83022 −16.39786 244.2 1996 2 0.982 0.983 1.294 153 ± 6 0.098
CW06 65.83446 −16.40524 238.3 – 5 0.955 0.991 1.287 149 ± 6 0.330
CW06-2 0.480
CW07 65.83537 −16.40770 236.3 – 13 0.888 0.984 1.284 138 ± 5 0.394
CW08 65.83707 −16.40978 231.4 – 2.5 0.977 0.985 1.278 151 ± 6 0.300
JF01d 66.03254 −16.44017 44.0 – 4 0.963 1.000 1.052 124 ± 6 0.090
JB03e 65.10672 −15.53180 353.0 – 12.5 0.892 1.000 1.439 157 ± 6 0.034
Sh-Bf 65.82083 −16.38840 – – – – – – – 0.337

Baynes et al. (2015b)g:
DW2 65.81813 −16.39859 320.0 – ≤5 166 0.915
DW3 65.82256 −16.39517 324.0 – ≤5 167 0.807
DW4 65.82247 −16.39180 298.0 – ≤5 163 0.613
DW5 65.82389 16.38962 253.0 1080 ≤5 156 0.906
DW6 65.82634 −16.39141 255.0 1275 ≤5 156 1.171
DW7 65.83358 16.40515 244.0 – ≤5 155 0.808
DE1 65.83107 −16.39155 309.0 – ≤5 164 0.891
AR1 65.99732 −16.51454 131.0 – ≤5 139 0.723

a First letter = Terrace A/B/C; second letter = East/West side of canyon; appended “−2” indicates repeat sample measured for 3He concentrations.
b Distance to knickpoints calculated by extracting downstream distance along lines parallel to river flow on either side of river. Samples without distances are not includ

represent past location of waterfall (e.g. wrong topographic level; BW03).
c Cosmogenic 3He concentrations corrected for machine background and non-cosmogenic 3He, with uncertainties propagated in quadrature.
d Sample collected from mouth of Jökulsá á Fjöllum.
e Sample collected from Jökulsá á Brú.
f Shielded sample collected from cave in Terrace B (Data & Methods; Figs. 4e & 4f).
g Samples collected by Baynes et al. (2015b). Values shown for 3He concentrations and exposure ages were determined by taking maximum range of possible values and

rates were calculated using the Dunai (2000) time-variant scaling scheme. Re-calculating our sample production rates using the Dunai (2000) scale gives an average error
effect on exposure ages. Sample DW8 is not included as it contains only an upper limit. Note AR1 collected from Ásbyrgi close to river mouth.
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Fig. 5. Exposure age differences from co-variations of cosmogenic 3He dating parameters for sample AW07. Colour scale equals percent difference between central value (red 
cross-hairs) and models run with parameter values shown by the axes. (a) Relative change in exposure age for varying production rate and attenuation length. Note >3% 
error for Pref . (b) Relative change in exposure age for sample thickness and density. (c) Relative change in exposure age due to spatial scaling factors, elevation and latitude. 
Note 65.81160 ± 0.00001◦ corresponds to ∼ ± 1 m error. (d) Relative change in exposure age for snow thickness and snow density.
δt = |t| ×
√(

δn

n

)2

+
(

δP

P

)2

, (4)

which assumes that uncertainties in spatial scaling, sample thick-
ness, and topographic shielding are negligible. Samples with 
masses < 0.05 g and those with small measured 3He concentra-
tions (< 105 at g−1) result in larger uncertainties due to diffi-
culty in detecting very low 3He concentrations (e.g. samples BE05, 
BW02, JB03, JF01; Table 1). The low 3He concentrations in these 
samples is close to the detection limit for 3He (< 50 ×103 at g−1; 
Gosse and Phillips, 2001). This results in 1σ errors which are larger 
than the age of the sample for ages � 500 yr (e.g. 87 ±475 a, sam-
ple BE05 in Table 1).

The stratigraphy of columnar basalts in the canyon indicates 
that the terraces are located ∼4, 15, and 7 m below the top of 
lava flows. This mapping was performed by measuring the ver-
tical distance between vesicular, ropey lava flow tops to the ex-
trapolated height of the eroded terraces. These depths are much 
larger than the cosmic ray attenuation depth (∼1.5 m), which sug-
gests that they would not have accumulated significant amounts 
of 3He before their exposure as fluvial terraces (i.e. no inheri-
tance).
3. Exposure ages and retreat rates

We combine the 3He exposure ages with measurements of dis-
tance between samples and waterfalls from our UAV digital ele-
vation model (Fig. 6). Calculated exposure ages vary between 0 
years and 8 ka and young towards waterfalls. Linear regression of 
the data yields average knickpoint retreat velocities (see Fig. 7). 
Samples collected from terraces abutting Selfoss have exposure 
ages of 2–8 ka and yield a retreat rate of 10.6 ± 1.0 cm a−1. 
Samples from terraces abutting Dettifoss indicate a retreat rate of 
68.7 ± 0.1 cm a−1. We note that linear regression of these datasets 
has R2 values of 0.94 and 0.92, respectively. Retreat rates calcu-
lated for terraces at the top and bottom of the Dettifoss are consis-
tent and exposure ages converge at the modern waterfall (Fig. 7c). 
Uncertainties in reference production rates and snow cover con-
tributed the largest systematic error in calculated exposure ages. 
We assumed that errors are uncorrelated and propagated uncer-
tainties in reference production rates, snow cover, and measured 
3He to generate the error bars shown in Fig. 7. Importantly, uncer-
tainties in reference production rates and snow cover affect abso-
lute ages of terraces but do not change their relative ages which 
are used to calculate knickpoint retreat rates.

Not all samples collected were used to measure retreat rates 
(see grey vs. white circles in Figs. 3e & 6c). Samples collected 
downstream of Hafragilsfoss (CW06, CW06-2, CW07, CW08) were 
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Fig. 6. Fluvial terraces in Jökulsárgljúfur canyon. (a–b) UAV orthomosaic image (5× vertical exaggeration) of eastern and western side of canyon. Blue line = modern river.
Sf = Selfoss, Df = Dettifoss, Hf = Hafragilsfoss. Dashed/solid white line = fluvial terraces on eastern/western sides of the canyon. (c) Solid/dashed black lines = trace of 
fluvial terraces on western/eastern side of Jökulsárgljúfur (see inset map for location). Red/green/yellow = mapped and sampled terraces (see Fig. 3d). Grey-filled circles =
locations of samples used to calculate retreat rates. Empty circles = additional samples collected (see Table 1). Blue = longitudinal river profile.

Fig. 7. (a) & (b) Exposure age of samples as a function of distance from the Selfoss and Dettifoss waterfalls. Errors are propagated from measurements of 3He atoms and 
estimated cosmogenic production rates. Circles = samples collected in this study; triangles = samples from Baynes et al. (2015b). Colours correspond to terrace levels in 
Fig. 3d. Labelled dashed/dotted lines = best-fitting regression lines/±1σ of the means. rS f /rD f = retreat rate of Selfoss/Dettifoss; R2 = 0.94 and 0.92 for Selfoss and Dettifoss 
samples, respectively. Distance of samples from knickpoints was measured by taking location of samples along either east- or western dotted transects shown in inset of 
Fig. 6c; distance errors are less than a few meters. Note we estimate distance uncertainties for the samples acquired by Baynes et al. (2015b) using our map of the canyon. 
(c) Schematic of sample locations and retreat rates for Selfoss and Dettifoss.
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Fig. 8. (a) & (b) Examples of detached and toppled blocks on eastern & western sides of Terrace A, respectively. Note Selfoss in the background. (c) Schematic showing the 
forces on a rectangular rock column (e.g. Lamb and Dietrich, 2009, see text for details). Grey circle = pivot point for moment calculations. (d) Stability of a column of rock 
as a function of flow velocity and the amount of column (length) exposed to the flow calculated using Equation (9). Black/white circles = transition from stable block to 
unstable block for increased flow velocities (see body text for details).
not considered since they may have been affected by recent fissur-
ing and lava emplacement during the Holocene. Samples collected 
on discontinuous terraces (BW03, BW07, BE08, BE09, BE10) were 
also not used. Lastly, due to their location outside of the knick-
zone and very young ages (∼0 ka), samples JF01 (Jökulsá á Fjöllum 
mouth) and JB03 (Jökulsá á Brü) were not used to determine an in-
cision rate but are included in Table 1.

4. Knickzone origin

How were Jökulsá á Fjöllum’s knickzone and its waterfalls gen-
erated? The gradual decrease in ages of terraces towards waterfalls 
probably precludes formation in a single event, for example during 
catastrophic megafloods (cf. Waitt, 2009; Alho et al., 2005; Baynes 
et al., 2015b). Figs. 3d & 3e show that a large fissure cuts across 
the river downstream of Hafragilsfoss, generating a large valley, as 
well as associated springs, scoria cones, and dykes. The associated 
Rauðuborgir-Randhólar crater row and Sveinar graben are part of 
fissure systems linked to the volcanic centres in the Northern Vol-
canic Zone. The fissures contain crater rows distributed linearly in 
a roughly N–S orientation for ∼30 km. Tephrochronological dating 
suggests the fissures erupted at ∼ 8.5 ka, and may have temporar-
ily dammed the river (Elíasson, 1974). Four observations suggest 
that it is unlikely these fissures generated the knickzone or wa-
terfalls. First, the knickzone initiates downstream of the fissures 
(see FI in Fig. 1b). Secondly, change in elevation of the longitudi-
nal river profile across the fissures is a few meters. Thirdly, there 
are waterfalls downstream of the fissures (e.g. Réttarfoss and Ví-
gabjargsfoss). Finally, broad knickzones and large waterfalls (e.g. 
Goðafoss, Gulfoss) exist along all major Icelandic rivers.

Field and satellite mapping shows many of Iceland’s rivers in-
tersect fluted moraines, tephra layers, conglomerate beds, lava 
flows with a range of jointing and fracturing orientations, and 
fissure swarms which formed scoria, spatter cones, and dykes 
(Figs. 1f & 3d). Jökulsá a Fjöllum’s substrate includes basalts that 
joint and fracture at a columnar (meter) scale, which indicates that 
substrate probably plays a role in setting erosion rates at short 
length scales (Baynes et al., 2015b, 2018). The collapse of columns 
generates relief of a few meters to a few tens of meters at wave-
lengths � 10 m along the river.

5. Process of waterfall retreat

A few observations suggest that block toppling plays an im-
portant role in determining the retreat rate of waterfalls in the 
Jökulsárglúfur canyon. First, the edges of the waterfalls typically 
coincide with edges of vertically jointed columnar basalt. Secondly, 
in many places waterfall edges show evidence of tensional failure 
along the joints and collapsed columns litter the bottom of the 
canyon downstream of the waterfalls (Figs. 8a & 8b). To estimate 
the discharge required to detach these blocks we calculate rota-
tional moments of an ideal column of basalt. These calculations 
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are combined with contemporary records of discharge to estimate 
waterfall retreat rates, which can be compared to our estimates 
of long-term knickpoint retreat. Our approach builds on Lamb and 
Dietrich (2009)’s torque calculations and Baynes et al. (2015b)’s 
synthesis of discharge measurements. Block stability is calculated 
as a function of the rock column mass, drag, shear, and buoyancy 
forces. We assume a very simple scenario in which friction at the 
base of the column is sufficiently high to inhibit sliding and the 
column is vertical and of unit width (Fig. 8c).

Drag is generated by water on the column of rock and its force, 
Fd , can be expressed as

Fd = 1

2
ρw Cdu2η, (5)

where ρw is the density of water (1000 kg m−3), Cd is the dimen-
sionless drag coefficient, which is determined empirically and of 
O(1) (e.g. Batchelor, 1967). u is water velocity and η is the length 
over which the force is applied. The shear force generated by water 
at the top of the column can be calculated as

Fτ = τ◦L ≈ ρw gh
dz

dx
L, (6)

where g is gravitational acceleration (9.81 m s−2), dz/dx is chan-
nel bed slope, which we estimate to be O(10−3), and L is the width 
of the column, which is O(1) m (see Figs. 8a & 8b; Supplemen-
tary Information in Baynes et al., 2015b). This estimation of shear 
force is wrong in detail as flow accelerates at the lip of column in 
response to reduced pressure downstream (i.e. as the water falls 
into air), but is probably of the correct order (Equations (6A)–(7) 
in Lamb and Dietrich, 2009). The buoyancy force generated as a 
result of water displaced by the column can be expressed as

Fb = ρw gLh, (7)

where h is the depth of the water in which the column sits. The 
force generated by the mass of the ideal column of rock is

F g = ρr gLH, (8)

where ρr is the density of the rock column (∼2800 kg m−3). By 
calculating the moments (torques) generated by these forces on 
the block we can estimate whether or not it will topple. Using 
Equations (5)–(8) and the lengths given in Fig. 8d indicates that 
the block will not topple if

1
2 L

(
F g − Fb

)
Fd(H − η/2) + Fτ H

≥ 1. (9)

Note that Equation (9) is slightly different to that given by Lamb 
and Dietrich (2009) and used by Baynes et al. (2015b) because we 
use the centroid of drag forces to calculate the rotational moment. 
In practice this modification makes a small difference to solutions 
to this equation in most circumstances. In some places within the 
canyon, rock columns are detached from the main wall by a few 
centimetres to ∼1 m, which suggests that we should consider the 
increase in velocity of water as it falls from the lip of the intact 
wall before hitting these blocks in our calculation of drag forces. 
Our simple approach to this problem assumes that the water re-
mains as a jet as it falls and that its velocity u =

√
u2

x + (gx/ux)2, 
where ux is the horizontal velocity of the water as it leaves the lip 
and x is the distance between the lip and the column of rock be-
ing impinged upon. For example if we assume ux = 2 m s−1 and 
x = 1 m then u = 5.3 m s−1. Note that we have not considered the 
angular impingement of flow on the column in our drag force cal-
culations for simplicity. The history of discharge in the Jökulsárglú-
fur canyon is not well understood over the timescales of interest 
but there exists some modern constraints on flow velocities and 
discharges from the Grimsstadir gauging station ∼25 km upstream 
of Selfoss. Maximum discharge recorded between 1973–1979 at 
Grimsstadir was ∼470 m3 s−1 and in 2001 average flow velocities 
were 2 m s−1 between the gauging station and Selfoss (Henriksen, 
2005; Baynes et al., 2015b).

We estimate the stability ratio for a range of flow velocities, 
which can be related to discharge and flow depths (Equation (9)). 
For simplicity we approximate the cross-sectional area of the flow 
to either isosceles triangles or rectangles, which are broadly ap-
propriate for the canyon. We assume flow velocity throughout the 
channel is constant. We can now estimate the stability of a col-
umn of rock as a function of flow velocity and the amount of 
column (length) exposed to the flow (Fig. 8d). For simplicity we 
assume the rock column is 1 m in length, 10 m high and that it is 
sitting in water 5 m deep (Fig. 8c). These simple calculations sug-
gest that flow velocities of ≥ 3 m s−1 or more can topple a block 
that is exposed to more ≥ 2 m of the flow. Such flow velocities 
can be generated by a discharge of 500 m3 s−1 and flow depths 
and widths of a few meters and a few tens of meters, respectively 
(cf. Henriksen, 2005). These observations suggest that maximum 
annual flow velocities in the canyon are large enough to make 
most exposed columns topple even without increasing velocities as 
water falls from the edge of the intact walls. Comparison with con-
temporary estimates of maximum annual discharge, flow depths 
and velocities suggest that these blocks should topple at a rate of 
approximately 1 per year to 1 per decade, which suggests a retreat 
rate of up to ∼0.1–1 m a−1, which is broadly consistent with our 
estimated long term retreat rates of waterfalls in the canyon (up 
to 0.7 m a−1). Importantly, lower waterfall heights require higher 
discharge to be unstable, which probably explains why Selfoss is 
retreating at a much lower velocity than Dettifoss (Fig. 7).

At a larger scale Jökulsá a Fjöllum’s broad knickzone and fluvial 
terraces cross-cut different lithologies without significant changes 
in relief (Fig. 1b). No large tributaries join Jökulsá á Fjöllum in 
Jökulsárgljúfur. A dry channel west of the canyon has been inter-
preted as a manifestation of time-dependent discharge (Baynes et 
al., 2015b, Figs. 1f & 3d). In the northern section of the canyon 
groundwater springs merge with Jökulsá a Fjöllum’s trunk river 
(Fig. 3e). These changes in discharge coincide with meter-scale 
changes in relief of the longitudinal river profile. These observa-
tions suggest that substrate and changes in discharge can generate 
∼10 m of relief in Jökulsá á Fjöllum at wavelengths of a few me-
ters to tens of meters. They cannot explain the shape of the river’s 
broad knickzone, which has an amplitude of ∼500 m and wave-
length of ∼100 km.

These observations suggest that the amplitude of Jökulsá á Fjöl-
lum’s knickzone is too large to have been generated solely by 
fissuring, lithological variations, or changes in discharge. The pres-
ence of broad knickzones along all of Iceland’s large rivers indicate 
that inverting for a spatio-temporal history of uplift might yield 
useful insights into regional topographic support.

6. Calibration of Holocene erosional model

Using calculated erosion rates, we estimate the location of 
Jökulsá á Fjöllum’s knickzone at the end of the Preboreal glaciation 
by assuming that uplift, U = 0, and solving a simplified version of 
stream power erosional model, such that

∂z

∂t
= −v A(x)m ∂z

∂x
, (10)

where ∂z/∂t is the rate of change of elevation, A is upstream 
drainage area, x is distance from the mouth of the river, and v
and m are positive erosional constants that must be calibrated 
(Rosenbloom and Anderson, 1994; Whipple and Tucker, 1999). If 
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we assume that m = 0.5, which is often used for fluvial systems, 
an appropriate value of v can be determined using knickzone re-
treat rates from Jökulsá á Fjöllum. Substituting dx/dt = 68.7 ±
0.1 cm a−1, A = 6.79 ± 0.4 × 109 m2 into dx/dt = v A(x)m yields 
v = 8.3 ± 0.5 Ma−1. By solving, L = ∫ T

◦ v A(x)mdt , we estimate the 
position of the knickpoint, L, at time, T = 10 ka. Since A is ap-
proximately constant for several km downstream of Dettifoss, a 
useful rule of thumb is, L ≈ T dx/dt . We use the retreat rate de-
rived from Dettifoss due to the waterfall’s larger size compared to 
Selfoss (∼4×). Solutions to these simple calculations suggest the 
knickpoint propagated to its current position from ∼7 km down-
stream, close to Hólmatungur where Réttarfoss and Vígabjargsfoss 
are located today (65.88◦ N, 16.88◦ W). We use the calibrated 
erosional model to invert our inventory of extracted rivers for a 
spatio-temporal uplift rate history.

7. River profile inversion

Drainage networks were extracted from the ASTER GDEM (res-
olution ∼26 × 26 m) and the LMÍ (∼10 × 10 m) datasets using
Esri flow routing algorithms. We used the ASTER GDEM drainage 
networks because in general they appear to have higher verti-
cal resolution and greater planform fidelity than the LMÍ derived 
datasets. Extracted drainage patterns were compared to satellite 
imagery and our photogrammetry DEM to ensure fidelity. A mini-
mum drainage accumulation area of 2.5 × 107 m2 was used. River 
stretches located above and beneath ice caps were excluded from 
the dataset. We inverted our drainage inventory of 533 rivers 
across Iceland extracted from the ASTER GDEM to calculate up-
lift rate histories (Rudge et al., 2015). To do so we solved a version 
stream power model, which calculates rate of change of elevation, 
∂z/∂t , such that

∂z

∂t
= −v A(x)m ∂z

∂x
+ U (x, t), (11)

where U is uplift rate, which can vary as a function of space, x
and time, t . A is upstream drainage area, which can be measured 
from a digital elevation model (Rosenbloom and Anderson, 1994; 
Rudge et al., 2015). v and m are positive constants that must be 
calibrated. From retreat rates in Fig. 7, we use v = 8.3 Ma−1 (see 
previous section for derivation). To invert for a spatio-temporal up-
lift history we use a damped least squares approach to minimize

|MU − z|2 + λ2
S |SU| + λ2

T |T U|2 subject to U ≥ 0, (12)

where λS and λT control spatial and temporal smoothing of the 
model, respectively (Rudge et al., 2015). We ran multiple joint-
inversions, which suggest that, for both ASTER and LMÍ derived 
data, best fitting m = 0.5. The best-fitting value of m was obtained 
from a systematic sweep of 0 ≤ m ≤ 1 and setting λS = 1 and 
λT = 0. We acknowledge that m and λs trade-off to some extent. 
Drainage planforms are assumed to be stationary during the model 
runtime (Holocene), which is probably appropriate since all major 
rivers flow along deep valleys established before 10 ka. Model fits 
to rivers are good (residual rms misfit = 1.30 for data variance of 
20 m; Figs. 9a–d) and results for cumulative uplift for the last 9 ka 
are shown in Fig. 9e.

8. Discussion

Calculated Holocene cumulative uplift and uplift rates are great-
est in central Iceland where they exceed 100 m and 10 mm a−1, 
respectively (Fig. 9e). Our calculated uplift exceeds 50 m in the 
Eastern and Western Volcanic zones, which are situated above Ice-
land’s rift systems. Independent biostratigraphic and geophysical 
observations can be used to test the calculated uplift history and 
examine sources of Holocene uplift. Mapping of paleo-coastlines 
around Iceland indicate uplift rates of 0–15 mm a−1 during the last 
8 ka (Le Breton et al., 2010). Average calculated cumulative uplift 
at these locations is 13 m, which yields an average Holocene-
Recent coastal uplift of 13 mm a−1. Preboreal aged marine mollusc 
and barnacle shells crop out at elevations of up to 40 m in south-
ern Iceland (e.g. Berufjörður fjord), which suggests average uplift 
rates during the last 10 ka of 7 ±2 mm a−1 (Nordhdahl and Péturs-
son, 2005). Calculated uplift rates in this region are 6.8 mm a−1. 
The Plio-Pleistocene Tjörnes Beds Formations in North Iceland con-
tain 1200 m thick sequences of shallow marine sediments and 
terrestrial deposits alternated with lava flows, which suggest that 
Iceland has been uplift by hundreds of meters since ∼5 Ma (see 
Fig. 1f; Verhoeven et al., 2011). Calculated cumulative Holocene 
uplift from our model in this region is > 70 m.

The elevation of the highest terrace and the oldest ages in 
the canyon indicate that denudation of the Jökulsárglúfur was 
up to ∼100 m since deglaciation (Fig. 6c; topmost terrace =
∼315 m, river bottom = ∼210 m). Denudational unloading, D , 
and isostatic adjustment generates rock uplift, U D . We calculate 
U D = Dρc/ρa ≈ 0.9D for crustal and asthenospheric densities of 
ρc = 2800 kg m−3, ρa = 3200 kg m−3, respectively. Using these 
values yields up to 90 m of regional rock uplift from denudation 
of Jökulsárglúfur. Uplift rates are � 9 mm a−1, assuming unload-
ing rates remained constant for 10 ka. Viscoelastic models indicate 
that present-day glacial isostatic adjustment exceeds 20 mm a−1

close to Vatnajökull and is negligible ∼100 km away from the cen-
tre of the modern glacier (i.e. close to the canyon; Árnadóttir et 
al., 2009). These uplift rates suggest the broad area of uplift mea-
sured from GPS data in central and southeastern Iceland can be 
explained by ablation of Iceland’s largest glaciers. However, apply-
ing corrections for glacial isostatic adjustments to GPS uplift data 
results in areas of significant residual uplift which cannot be ex-
plained by glacial rebound (Schmidt et al., 2012). The largest resid-
ual vertical velocities (7–9 mm a−1) are centred on Jökulsárgljúfur 
and are consistent with our calculated rates due to denudational 
unloading of the canyon.

Away from the canyon and Vatnajökull, highest values of cal-
culated cumulative uplift coincide with loci of active seismicity 
along Iceland’s rift systems and youngest rocks (Fig. 9; Tryggva-
son, 1973). Finally, a long wavelength (island-wide) component 
of cumulative uplift with an amplitude of a few tens of meters 
is required to fit observed longitudinal river profiles, which may 
be a manifestation of dynamic support generated by the Icelandic 
plume.

9. Conclusions

3He dating and UAV photogrammetry of fluvial terraces con-
strain the history of one of Iceland’s largest canyons, suggest-
ing that knickpoint propagation occurred progressively during the 
Holocene. The canyon sits within one of the broad knickzones 
that are observed on all large Icelandic rivers. Measured retreat 
rates indicate the Jökulsárgljúfur knickpoint has been propagat-
ing at a rate of ∼0.7 m a−1 upstream during the last 8 ka, con-
trary to previous models which suggest discrete outburst floods 
as the dominant mode of canyon erosion. These retreat rates are 
consistent with simple block toppling calculations using present-
day discharge which suggest toppling retreat rates range between 
∼0.1–1 m a−1 and are strongly correlated to column height. A cal-
ibrated erosional model is used to invert drainage networks for 
a spatio-temporal history of Holocene uplift, which yields results 
that are broadly consistent with independent spot measurements. 
Calculated uplift patterns are highest near the centre of the is-
land, close to the Vatnajökull glacier, and along the volcanic zones. 
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Fig. 9. Holocene uplift of Iceland. (a) Grey lines = longitudinal river profiles measured from Jökullsá á Fjöllum catchment; red dotted lines = best-fitting theoretical river 
profiles calculated from uplift history shown in panel (e). (a–d) Observed and best-fitting theoretical river profiles from Jökulsá á Brú, Ölfusá and Skálfandafljót catchments. 
Global residual rms misfit = 1.30. (e) Colour scale = calculated cumulative uplift from 9 ka to present-day; black dots = nodes in uplift model which are spaced 12.5 km 
apart; blue lines = 553 rivers used in inversion, blue square = location of Jökulsárgljúfur. Solid black lines encloses youngest (<0.7 Ma) rocks and rift zones (Jöhannesson 
and Sæmundsson, 1989); dashed black circle = location of plume centre (Shorttle et al., 2010); white polygons = modern glaciers.
These results indicate that a combination of rifting, post-glacial re-
bound, and sub-plate support generated tens of meters of uplift 
and erosion of Iceland’s landscape during the last ∼9 ka. Our re-
sults suggest that progressive fluvial erosion plays an important 
role in generating relief in previously glaciated and volcanic land-
scapes on timescales of a few thousand years.
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