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Abstract — Glacial outburst floods (jokulhlaups) have been a significant driver of landscape evolution and
environmental change throughout the Quaternary. Iceland experiences more frequent jokulhlaups than nearly
anywhere else on Earth, though most research focuses on subglacial volcanogenic floods that drain across
outwash plains. Abundant geomorphologic evidence exists for large-scale jokulhlaups that drained along the
modern-day course of the Hvitd river in southwestern Iceland during early Holocene deglaciation, originat-
ing from ice-dammed Kjolur glacial lake; yet only one previous publication has investigated these events.
This study uses a combination of field mapping and remote sensing to identify new jokulhlaup geomorpho-
logic evidence along the Hvitd river, including erosional landforms such as scoured bedrock, anastomosing
channel networks, cataracts, and canyons, and depositional features such as boulder bars and channel infill.
We synthesize new findings with previously reported work to: 1) present an updated geomorphologic map of
Hvitd jokulhlaup evidence; 2) reconstruct flood drainage routes, landscape impact, hydrology, and relative
chronology; and 3) hypothesize scenarios of ice margin position and glacial lake evolution. Interpreting flood
landform assemblages reveals a more extensive geomorphologic record than previously reported, with a com-
plex drainage pattern along four separate routes from two potentially different sources. Reconstructed peak
flow discharges span three orders of magnitude from 10? to 10° m®*s='. Geomorphologic and paleohydraulic
results introduce four hypothesized drainage scenarios, though absolute geochronology is necessary to deter-
mine whether multiple floods drained along each route. The Hvitd jokulhlaups yield insight into the timing and
dynamics of the final phase of Icelandic Ice Sheet decay, advancing understanding of Iceland’s Pleistocene—
Holocene transition, demonstrating the importance of high magnitude, low frequency floods in landscape evo-
lution, and serving as an analogue to ice and meltwater response to past, present, and future climate warming
in glaciated regions worldwide.

INTRODUCTION AND AIMS Wells et al., 2022). These sudden, rapid drainages of
glacial meltwater can erode bedrock, redistribute sedi-
ment, and restructure hydrologic networks on both lo-
cal and regional scales, creating geomorphic legacies
that may persist in the environmental record (Carling,

Glacial outburst floods (jokulhlaups) have occurred
throughout the Quaternary as well as earlier glacial
periods and are a significant contemporary geohaz-
ard in glaciated regions worldwide (Baker, 2013; X
Carrivick and TWeCd, 2016, Harrison et al., 2018, 2013, Jacquet et al., 2017, Cook et al., 2018, Piret
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et al., 2022). At their largest, they may also disrupt
ocean circulation patterns to influence global climate
(Clarke et al., 2004; Praetorius et al., 2020; Brovkin
etal.,2021).

Iceland experiences jokulhlaups more frequently
than nearly anywhere else on Earth. Research has fo-
cused on the most commonly occurring events, which
are triggered by subglacial volcanic or geothermal
activity beneath ice caps and generally drain across
sandurs (glacial outwash plains) (Témasson, 1996;
Maizels, 1997; Bjornsson, 2002; Carrivick et al.,
2004b; Roberts, 2005; Russell et al., 2005; Rushmer,
2006; Russell et al., 2006; Marren et al., 2009; Dun-
ning et al., 2013; Magnusson et al., 2021). Compara-
tively few studies have investigated non-volcanogenic
Icelandic jokulhlaups, with research limited to his-
torical floods from ice-marginal lakes (Thorarins-
son, 1939; Roberts et al., 2005; Porsteinsson et
al., 2021), ice-marginal lake drainage during early
Holocene deglaciation in northeastern and central Ice-
land (Témasson, 1993; Van Vliet-Lanog et al., 2020),
and a jokulhlaup triggered by a rockfall at the Steins-
holtsjokull glacier and proglacial lake in 1967 (Kjart-
ansson, 1967). There is also a relative dearth of re-
search on Icelandic jokulhlaup geomorphologic im-
pact in bedrock terrain, with existing publications
generally focused on the Jokulsd 4 Fjollum river in
northeastern Iceland (Témasson, 1973; Russell et al.,
2005; Baynes et al., 2015a, 2015b; Carrivick and
Tweed, 2019) but with some work in central Iceland
(Témasson, 1993). However, jokulhlaups from ice-
marginal lakes in bedrock settings may be more rep-
resentative of most global glacial outburst floods and
might have been more typical of activity during the
decay of the last Icelandic Ice Sheet (IIS) (Komatsu
et al., 2016; Benito and Thorndycraft, 2020; Fisher,
2020; O’Connor et al., 2020).

Abundant evidence exists in Iceland for jokul-
hlaups that drained from ice-dammed lakes during
late Pleistocene-early Holocene deglaciation. Some
of the most prominent jokulhlaup landforms occur
along the modern-day course of the Hvita river in
southwestern Iceland, formed by floods from ice-
dammed Glacial Lake Kjolur; yet only one publica-
tion has investigated these events (Témasson, 1993).
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Our study reports new geomorphologic evidence and
synthesizes previous work to: 1) present an updated
geomorphologic map of Hvita jokulhlaup evidence; 2)
reconstruct flood drainage routes, landscape impact,
hydrology, and relative chronology; and 3) hypothe-
size scenarios of ice margin position and glacial lake
evolution during early Holocene deglaciation. Results
have advanced understanding of the final phase of
ice sheet retreat and provided useful insight into
jokulhlaup processes and geomorphologic impacts in
glaciated regions worldwide.

STUDY AREA

The Kjolur region is situated in the western part of
the central highlands between the current Langjokull
and Hofsjokull ice caps, occupying a plateau ~400-
700 meters above sea level (m asl) that is punctu-
ated by tuyas (subglacially-erupted table mountains)
(Figure 1) (Kjartansson, 1964; Témasson, 1993). To-
day, this sparsely vegetated area contains abundant ev-
idence of glacial activity, widely overlain with aeolian
sands and a poorly sorted cobble-gravel mélange me-
chanically weathered from glacial deposits (Askels-
son, 1946; Kjartansson, 1964; Kaldal and Vikings-
son, 1990; Témasson, 1993). Bedrock is dominated
by tholeiitic basalt erupted during late Pleistocene in-
terglacial/interstadial periods (younger than 0.8 mil-
lion years ago (mya)) and also contains two early
Holocene lava flows, the Kjalhraun and the Leggja-
brjétur lava (Figure 1) (Sinton et al., 2005; J6hann-
esson and Semundsson, 2009; Eason et al., 2015).
The southern part of Kjolur includes Hvitarvatn, a
29 km? proglacial lake and source of the Hvita river,
which flows south to the Atlantic Ocean (Larsen et al.,
2012). Jokulhlaup evidence is most prominent along
a ~30km-long reach near the Hvita river between the
Bléfell tuya and the Hvitargljafur canyon.

PALEOENVIRONMENTAL CONTEXT
AND PREVIOUS RESEARCH
At the Last Glacial Maximum, roughly 25,000 calen-
dar years before present (25 ka), Iceland was covered
by anice sheet 1000—2000 m thick at its center that ex-
tended beyond the present coastline (Hubbard et al.,
2006; Patton et al., 2017). During the last glacial-
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Leggjabrjotur: partially subglacially-erupted lava flow indicates ice
cover ~12 ka (Kjartansson, 1964; Témasson, 1993)

Kjalhraun: subaerial lava flow indicates ice-free area by ~10 ka (Sinton
et al., 2005; Eason et al., 2015)

Hvitarvatn: Saksunarvatn tephra in lacustrine sediment cores indicates
that basin was ice-free by 10.2 ka (Larsen et al., 2012)

Hestvatn: turbidites dated to 10.6-10.2 ka in lacustrine sediment cores
are attributed to Kjolur jokulhlaups (Hannesdéttir, 2006; Geirsdéttir et
al., 2009; Hannesdéttir et al., 2009)

bjorsarhraun: subaerial lava flow indicates ice-free conditions by ~8.6

al.,

ka (Hjartarson, 1988; Halldorsson et al., 2008)

Budi moraines: indicate ice margins at ~12 ka (outer set closer to
coastline) and ~11.2 ka (inner set) (Norddahl et al., 2008; Ingdlfsson et

2010)

Ice caps (modern extent)

Rivers and lakes (modern extent)

Holocene lava flows (J6hannesson and Seemundsson, 2009)
Moraines (Kaldal and Vikingsson, 1990)

Ice divide at Younger Dryas—Preboreal (~11.7 ka) (Patton et al., 2017)
Hvita River (modern course)

Paleolake shorelines (derived from Kjartansson (1964) and Témasson (1993))

Figure 1. Overview map of paleoenvironmental evidence of ice marginal positions, glacial lake shorelines, and Holocene
lavas along the Hvitd river from Kjolur to the Atlantic Ocean. Black dotted box denotes the study area shown in Fig-
ure 2. ArcticDEM basemap (Porter et al., 2018). — Ummerki fornra jokuljadra, jokullona og strandlina dsamt titlinum
nitimahrauna umhverfis farveg Hvitdr, frd Kili til sjdvar. Svarti ramminn afmarkar rannséknarsveedio d 2. mynd. Grunn-

kortid er byggt d ArcticDEM heedarlikani Porter o.fl. (2018).

interglacial transition, the IIS began a rapid step-
wise retreat interrupted by glacial readvances in the
Younger Dryas (~12 ka) and Preboreal (~11.2 ka),
which formed the Biidi moraines in southwestern Ice-
land (Norddahl et al., 2008; Ing6lfsson et al., 2010).
As a result of rapid warming during the Holocene
Thermal Maximum, ice extent was probably equiv-
alent to, or less than, modern-day cover by 8.7 ka
(Geirsdottir et al., 2009; Axford et al., 2021). The
timing and pattern of this final phase of deglaciation,
however, remains poorly constrained, with few pa-
leoenvironmental records, particularly in the central
highlands (Figure 1) (Norddahl et al., 2008; Ingdlfs-
son et al., 2010; Patton et al., 2017; Andrés et al.,
2019).

A handful of studies have investigated IIS retreat,
glacial lake formation, and jokulhlaup drainage in
the Kjolur region. Askelsson (1946) hypothesized
that glaciofluvial sediments on the eastern margin of
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Kjolur were deposited in a delta within an ice-contact
lake. Kjartansson (1964) and Témasson (1993) sub-
sequently mapped paleolake shoreline locations and
elevations on tuyas to estimate stages of ice-dammed
Glacial Lake Kjolur (Figure 1). Témasson (1993;
2002) hypothesized that the lake filled to a maximum
volume of 25-30 km?® and drained approximately ev-
ery decade over a period of 100-200 years as a re-
sult of ice dam failure at three outlets, which shifted
according to lake surface elevation, ice margin po-
sition, and ice divide location. Synthesizing shore-
line positions, geomorphologic evidence, and pale-
ohydraulic estimates from flood channel cross sec-
tions, Témasson (1993; 2002) proposed that the first
jokulhlaups drained north, reaching a maximum peak
discharge of 40,000 m3s—* (Figure 2A); the second
group drained south on the western side of Blafell
with a peak discharge of 20,000 m3s~! (Figure 2B);
and the final set drained east of Blafell, reaching 200—
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300,000 m3s~* (Figure 2C). Témasson (1993) dated
these events around 9500 '*C yr BP, a few hundred
years after Preboreal Bidi moraine formation, based
on radiocarbon dates of the moraines.

METHODS

Geomorphologic mapping was conducted using a
combination of field surveys and remote sens-
ing. A topographic digital elevation model (Is-
landsDEM, 2021), satellite imagery (Google Earth),
and aerial photographs (Landmealingar Islands; Loft-
myndir ehf.) were used to map features >10 m reso-
lution, while field surveys were necessary to identify
small-scale landforms (<10 m) and ground truth and
interpret geomorphologic context. Jokulhlaup land-
forms were identified based on criteria developed in
flood landscapes worldwide, particularly in analogue
basalt terrain (i.e. Bretz, 1923; Baker, 1973, 2009;
O’Connor, 1993; Rathburn, 1993; Carrivick et al.,
2004a; Herget, 2005; Russell er al., 2005; Baynes
et al., 2015a). Geomorphologic evidence was subse-
quently interpreted using the methodology and con-
ceptual framework described in Wells et al. (2022).
Glacial features were identified and described accord-
ing to criteria in Glasser and Bennett (2004), Bennett
and Glasser (2009), and Benn and Evans (2010).

Landform geographic coordinates and elevations
were recorded with a Garmin 64s handheld GPS
(£3 m accuracy). Feature dimensions were measured
with a tape measure, where applicable, and glacial
striation orientation was measured using a compass.
GPS points were then imported into ArcGIS Pro (ver-
sion 2.6.0) and converted into polygons to create a
geomorphologic map of the study area with a to-
pographic digital elevation model basemap (Islands-
DEM, 2021). Two areas, the Kérgil and Hvitargljifur
canyons, were also mapped with a drone-mounted
camera (DJI Mavic 2Pro) to collect high-resolution
imagery for Structure-from-Motion (SfM), which was
processed with Pix4D Mapper and analyzed with
CloudCompare (open-source software) to generate
centimeter-scale, two- and three-dimensional data of
the canyons (ground sampling distance = 5 cm; drone-
mounted GPS accuracy & 5 m horizontal and 10 m
vertical). A qualitative comparison of the produced
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orthomosaic showed only a minimal offset from geo-
referenced aerial imagery provided by Loftmyndir
ehf. (within 1 m). For the purposes of this study, a
more accurate georeferencing was not necessary. The
results of the drone surveys are high-resolution eleva-
tion models, orthomosaics, colored point clouds, and
3D-meshes for analysis and correction of errors gen-
erated by shadow effects in the mentioned datasets.

We reconstructed jokulhlaup hydrology using
boulder paleocompetence and Manning’s equation.
For paleocompetence, we measured the 610 largest
boulders at each site and determined the largest clast
by summing triaxial dimensions (long + middle +
short axes). We used these input values along with
parameters and equations from Baynes et al. (2015a)
and Stokes et al. (2012) to calculate the minimum
hydraulic conditions required to transport the largest
boulder at each site. For Manning’s equation, we
used equations in Ward and Trimble (2004) to esti-
mate peak flow discharge at channel cross sections.
We held Manning’s n constant at 0.04 based on field
observations of modern surface cover (Chow, 1959).
For both methods, channel cross-sectional dimensions
were approximated from a drone-mapped SfM to-
pographic model (for profiles at the Grj6ta channel,
Korgil canyons, and Hvitargljifur) or IslandsDEM
(2021) (for profiles at the Grjota valley, Hvitd river,
eastern Gullfoss, and Sandé channels). Bed slope was
derived from transects perpendicular to cross sections
but outside of channels to reduce inaccuracies from
channel infill elevations.

RESULTS: GEOMORPHOLOGICAL
EVIDENCE BETWEEN BLAFELL AND
HVITARGLJUFUR

Glacial and glaciofluvial evidence

The area between Blafell and Hvitargljifur is typ-
ified by glaciated landscapes—landforms of glacial
erosion and deglaciation mantled by a poorly sorted
cobble-gravel mélange with occasional boulders and
degraded by limited amounts of paraglacial transfor-
mation. Prominent glacial features include striated
bedrock outcrops, erratic boulders up to ~4 m diame-
ter, till exposures, and whaleback streamlined bedrock

JOKULL No. 72, 2022



Jokulhlaups along the Hvitd river, SW-Iceland

Langjokull
Langjokull AMGIEE

A S Hvitarvatn

Blafell

\ \/\

]

wy@g

?% Hvitargljafur it A i F

|:| Estimated Icelandic Ice Sheet extent

Glacial Lake Kjolur

d A S Hvitarvatn

BIafeII

ljufur

4/// o
© Subglacial flood drainage
" Subaerial flood drainage

/ i - ”hufur N
- . A

Figure 2. Study area with estimated ice sheet position, glacial lake extent, and jokulhlaup drainage routes based on Témasson
(1993). See Figure 1 for basemap key. — Awtlud lega jokla, umfang jokulléna og farvega jokulhlaupanna d rannséknar-

sveedinu samkveemt niourstodum Hauks Tomassonar (1993). Sjd skyringar d 1. mynd.

forms that often exhibit striated or plucked surfaces.
Glaciofluvial sediments outcrop in three locations,
providing evidence for extensive proglacial meltwa-
ter drainage. The most frequent fluvioglacial expo-
sures occur in gravel-mantled hills at the southwestern
base of Blafell, consisting of cm-to-m-scale layers of
sand, gravel, and cobbles, resembling those in mod-
ern Icelandic sandurs and affected by periods of vari-
able flow energy in proglacial rivers (Maizels, 1997;
Marren, 2002, 2005; Bennett and Glasser, 2009; Benn
and Evans, 2010). Additional striations and moraines
were previously mapped in the study area by Kjartans-
son (1964), Kaldal and Vikingsson (1990), and Tém-
asson (1993) (Figure 3).

Jokulhlaup evidence

Jokulhlaup evidence is imprinted over this glacial
landscape along a ~30 km-long reach between Blafell
and Hvitargljifur. Témasson (1993) mapped some of
these features, namely anastomosing bedrock chan-
nels, cataracts, and canyons on the western side of
Bléfell; boulder deposits in the Grjéta valley; gravel
bars along the Hvitd river; and cataracts, canyons,
and strath terraces at Hvitargljifur. We extended this
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mapping and provide additional jokulhlaup evidence
not previously reported. Our geomorphologic evi-
dence is organized into four sections based on geo-
graphic location (Figure 3). Additionally, Témasson
(1993) identified flood-eroded bedrock channels on
the southeastern side of Blafell. However, the Hvita’s
western bank at this location displays no definitive
flood or glacial evidence, and we have not yet carried
out field surveys on the eastern bank to confirm flood
provenance. Thus, we use remote sensing imagery to
map these as potential channels.

Western Bldfell

The first area of jokulhlaup evidence occurs on the
western side of Blafell (Figure 4). A series of anasto-
mosing bedrock channels slopes south from the Bla-
fellshals saddle to the Grjéta valley covering an area
up to ~4 km long and ~3.5 km wide and drop-
ping ~300 m vertically. These channels are cut into
smoothed hills mantled with a poorly sorted mélange
of gravel, cobbles, and small boulders firmly anchored
with moss. Channels begin as dry, shallow linear de-
pressions filled with angular, moss-anchored boulders
(0.25-0.75 m diameter) (Figure 4.1).
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Figure 3. Survey area showing the geomorphologic evidence mapped in this study. Black dotted boxes denote four sub-
regions: 1) western Bléfell (Figure 4); 2) Sandd channels (Figure 8); 3) Hvitd river (Figure 10); 4) Gullfoss waterfall
and Hvitrgljifur canyon (Figure 11). IslandsDEM (2021) basemap. — Landfreedileg ummerki sem voru kortlogd i pessu
verkefni. Svartar punktalinan afmarkar fjogur rannsoknarsveedi: 1) Vestanvert Bldfell (4. mynd), 2) Farvegi vid Sandd (8.
mynd); Hvitd (10. mynd); Gullfoss og Hvitdrgljifur (11. mynd). Grunnkortio byggir d IslandsDEM (2021) heedarlikaninu.

At 1.5 km south of Blafellshals, channels transi-
tion to an alternating sequence of four main features
of jokulhlaup evidence (Figure 5). The first feature in-
cludes m-scale, scoured bedrock outcrops containing
grooves and flutes mostly oriented parallel to downhill
flow, potholes, and some angular slabs of fragmented
bedrock (Figures 4.2 and 5.1). Feature 2 consists of
<1 m high bedrock steps eroded along basalt bedding
planes that progressively scale up to amphitheater-
shaped cataracts opening downstream (Figures 4.3
and 5.2). The largest cataract occurs ~3 km from the
start of flood evidence and measures ~120 m wide
and ~30 m deep. The third feature includes depres-
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sions (plunge pools) at cataract bases, infilled with
relatively well-sorted, subangular cobbles and boul-
ders (~0.5—-1 m diameter) that sometimes form a flat,
compacted boulder pavement (Figure 5.3). Feature 4
consists of subangular to subrounded boulder deposits
(~1-2 m diameter) that extend downstream, often to
the scoured bedrock outcrop at the start of the next
sequence (Figure 5.4). Bedrock shows a strong litho-
logical control, with massive outcrops (with no clear
jointing patterns) displaying grooves, flutes, and pot-
holes (Figure 5.1), while porphyritic basalt (with sub-
meter scale columnar jointing) contains evidence of
"short stack"” columnar basalt fragmentation. Some
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Figure 4. Geomorphologic map of the western Bléfell channels and examples of flood landforms and cross-sectional pro-
files. Numbers on map correspond to photo locations. Figures 4.4-4.9 are presented on the next page. Blue arrows in
photos denote flood direction. Profile elevation data is from IslandsDEM (2021). See Figure 3 for map key. — Landmétu-
narkort af vesturhluta farvega vid Bldfell dsamt pversnidum og ljosmyndum af landformum sem myndudust i jokulhlaupum.
Tolur d kortinu samsvara stadsetningu ljosmyndanna. Myndir 4.4—4.9 eru d neestu bladsiou. Bldar érvar tdkna fledistefnu
Jjokulhlaupanna. Grunnkortid og pversnidin eru byggd d IslandsDEM (2021) heedarlikaninu. Sjd skyringar d 3. mynd.

boulders also display this columnar structure, and oth-
ers contain pahoehoe textures similar to those on ero-
sional basalt bedding planes (Figures 5.2 and 5.4)
(Whipple et al., 2000; Carrivick et al., 2004a).

The largest-scale features occur in channels in the
center of the network, with marginal channels contin-
uously traceable in the field but containing smaller-
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scale landforms (Figure 4.4). Rocks within chan-
nels are typically weathered, lichened, and anchored
with moss, though the central, lowest points of some
channels contain polished, lichen-free surfaces, sub-
rounded gravels and cobbles, and sand patches, in-
dicating recent fluvial activity. The two western-
most channels in the anastomosing network display
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signs of more intensive fluvial modification that spans
the width of the channel, with polished, lichen-free
bedrock, rounded gravel, sand deposits, and cataract
rims with inset notches (Figure 4.5). These two chan-
nels merge into a single conduit (the Grj6ta channel),
the downstream-most few hundred meters of which
is infilled with at least 2-3 m of subangular to sub-
rounded, polished boulders up to 3 m in diameter
(Figure 4.6).

About 4 km from Bléfellshdls, the largest, cen-
tral channels coalesce into the Korgil canyons, which
have amphitheater-shaped cataracts at their upstream
ends that are incised with bedrock notches connect-
ing to channels in the anastomosing network (Figure
6). Canyon morphology closely resembles cataracts
in analogue basalt landscapes, notably at the Asbyrgi
canyon, northeastern Iceland (Baynes et al., 2015a,
2015b); Dry Falls, Channeled Scabland, Washing-
ton State, U.S.A. (Baker, 1973; Lehnigk and Larsen,
2022); Box Canyon, Big Lost River, Idaho, U.S.A.
(Rathburn, 1993; Lamb et al., 2008); and Malad
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Gorge, Idaho, U.S.A. (Lamb et al., 2014). Canyon
lithology is subaerially-erupted basalt with no uni-
form jointing pattern, and canyon walls are nearly ver-
tical, though in most places their lower half is cov-
ered in grassy talus slopes. The northwestern canyon,
Valagil (~550 m long, up to ~125 m wide, and up
to ~70 m deep), contains weathered, lichened, an-
gular to subangular boulders up to 2 m diameter,
with smaller clasts infilling interstices (Figure 6c).
The southeastern canyon, Koér (~300 m long, up to
~110 m wide, and up to ~60 m deep), is more cir-
cular, with talus sloping down to a flat, grassy floor
studded with sporadic boulders (Figure 6b).
Synthesizing our geomorphologic evidence, we
hypothesize a multi-stage process for Korgil evolu-
tion (Figure 6). This hypothesized sequence of events
would explain: 1) the morphologies of both canyons;
2) the directly aligned chute extending between the
Valagil and Kér upstream notches (Figure 6a); 3) the
presence of more boulders in Valagil than Koér; and 4)
why Valagil displays more recent fluvial activity than
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Figure 5. Sequence of geomorphologic features in the western Bléfell channels showing the progression from erosional to
depositional landforms within a channel. Blue arrows indicate jokulhlaup flow direction. — Vesturhluti farvega vio Bldfell
med ummerki rofs og setmyndunar ur jokulhlaupum. Bldar orvar syna fledistefnu hlaupanna.

Koér. A similar process (i.e. a form of stream piracy
indicated by a truncated cataract in a pair of paral-
lel canyons) is observed with the Astjérn and Asbyrgi
cataracts at the Jokulsargljifur canyon in northeast-
ern Iceland (Baynes et al., 2015a; van der Bilt et al.,
2021).

The western Blafell anastomosing channels and
Koérgil canyons end in the Grjéta valley, which con-
tinues for ~4 km until its confluence with the Hvita
river (Figure 4). The valley margins contain bedrock
features up to ~5-10 m tall with bedrock steps and
scoured upper surfaces, which decrease in height
downstream and occasionally occur in the center of
the channel (Figure 4.7). The valley is infilled with
deposits up to 2-3 m thick (where visible) of sub-
rounded to rounded, well-sorted, polished cobbles and
boulders. Clast diameters fine downstream from ~2—
3 m where the Grj6td channel enters the valley to

JOKULL No. 72, 2022

~0.3-1 m (~1.5 m maximum) after ~1 km and to
~5-20 cm after ~2 km. Recently active channels
have dissected this infill, marked by smaller, more
rounded, polished clasts and some sand and gravel,
which also form backwater deposits at the entrance of
Valagil. The valley has been dry at every observation
except for a small, underfit tributary stream that en-
ters from Blafell and occupies the valley center until
its confluence with the Hvita.

The Grjota valley also features a boulder bar
(~400 m long, up to 85 m wide, and up to 9 m
high), oriented parallel to flow direction and com-
posed of weathered, lichened, subangular to sub-
rounded clasts up to 3.9 m diameter, with smaller
boulders and cobbles infilling interstices (Figure 4.8).
Another boulder bar occurs at the Hvita confluence,
oriented roughly parallel to Grjéta flow direction and
composed of subrounded to subangular, well-sorted,
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23 Jokulhlaup flow
Headward erosion via knickpoint retreat
Canyon rims (during formation)
Canyon rims (present location)

1. Floodwaters drain through
anastomosing channels to erode parallel
cataracts in Kér and Valagil via basalt
plucking and knickpoint retreat.

2. Cataract in Valagil retreats past Kér
feeder channel, cutting off floodwater
delivery and funneling subsequent flow
through Valagil. Flow eventually
concentrates in central anastomosing
channel, incising it and leaving other two
feeder channels abandoned at higher
elevations.

3. Waning stage flow concentrates in
deepest, central feeder channel,
depositing boulders in Valagil.
Subsequent Holocene runoff drains
through lowest, centermost section of
channel to imprint fluvial signature atop
jokulhlaup features.
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maximum 2-3 m diameter boulders that fine to a
cobble-gravel mix ~300 m downstream (Figure 4.9).
An active stream incision indicates that boulder de-
posits are ~2-3 m thick.

Another valley, here called the Hellisgil valley,
runs roughly parallel to the Grj6ta and joins it after
1 km, separated by gently sloping terrain ~20-30 m
high that is mantled by an unsorted cobble-gravel-
small boulder mélange of an ambiguous provenance
(Figure 4). This valley contains subrounded cobbles
and small boulders and sporadic outcrops of scoured
bedrock and is fed by a series of small, dry bedrock
channels and a pair of canyons. The longer, narrower
gorge, Hellisgil (~500 m long, up to ~85 m wide, and
~10-35 m deep), is box-shaped and contains a similar
sequence of scoured bedrock, step cataracts, plunge
pools, and boulder infill as the western Blafell anasto-
mosing channels, though sections also contain exten-
sive talus slopes, indicative of mass wasting (Figure
7¢). Rock surfaces in the center of the gorge are pol-
ished, rounded, and include cobble- and gravel-sized
clasts and inset notches eroded into larger cataracts.
The canyon’s upper half is narrower, meandering, and
more V-shaped. It continues upstream as a shallow
gravel-cobble-small boulder-filled channel for 1.3 km,
where it transitions into an incised bedrock channel
with step cataracts up to ~15 m high whose floors
contain polished, rounded boulder infill and sporadic
observed flowing water.

An unnamed canyon occurs immediately south
of Hellisgil (~115 m long, ~70 m wide, and ~30 m
deep), ending in an amphitheater-shaped cataract with
two distinct notches in its rim, one of which con-
nects to Hellisgil via a faint, vegetated trough (Figure
7a). The cataract base is undercut, and the canyon
contains a grassy, boulder-studded floor and grass-
covered, talus-sloped walls, displaying no evidence
of recent geomorphologic modification (Figure 7b).

Jokulhlaups along the Hvitd river, SW-Iceland

Canyon geomorphology could be explained if flood-
waters eroded both canyons via knickpoint retreat
until Hellisgil incised below the feeder trough ele-
vation, allowing it to pirate flow from the southern
cataract and halt its knickpoint retreat, with subse-
quent flood and/or fluvial activity continuing to drain
through Hellisgil and rework channel infill (Figure 7).

Sandd channels

A second network of anastomosing bedrock chan-
nels begins ~2.2 km southwest of Kérgil and extends
~5.5 km south to the Sanda river, with a maximum
width of ~2.5 km (Figure 8). The Sandad channels
are separated by smoothed hills mantled with an un-
sorted gravel-cobble mélange and occasional erratic
boulders.

Each channel contains a similar sequence of fea-
tures as the western Blafell network, though on a
smaller spatial scale: 1) scoured bedrock outcrops
with grooves, flutes, and potholes, with bedrock often
fragmented into angular slabs (Figures 8.4 and 8.6);
2) bedrock steps up to ~1 m high (Figure 8.2); and
3) subangular to subrounded, fairly well-sorted boul-
der clusters with clasts up to 1-2 m diameter, some
of which resemble bedrock slabs that support flood-
eroded grooves that are not oriented parallel to flow
direction (Figure 8.5). The largest, most pronounced
erosional landforms occur in the northern end of the
channel network and include a bedrock notch and par-
tial amphitheater-shaped cataract (Figure 8.1) and a
series of discontinuous bedrock steps ~1-2 m high
spread out over ~100 m (Figure 8.3). Striations atop
bedrock surfaces at higher elevations and at channel
margins indicate that floodwaters did not overtop, or
at least lacked the stream power to remove this glacial
signature.

Like the western Blafell channels, this anastomos-
ing network is visible on topographic digital eleva-

Figure 6. Diagram showing hypothesized canyon formation at Koérgil. Lettered arrows correspond to view location and
direction of photos a-c. Blue arrows in photos denote flood direction; blue dashed lines outline eroded troughs. Diagram

imagery and profile elevation data are from a digital elevation model generated from drone-mounted SfM mapping. The

area location is shown in Figure 4. — Tuilkun d myndun farvega vid Korgil. Ljosar orvar (a,b,c) d kortinu syna stadsetningu

og [ hvada dtt ljosmyndirnar eru teknar. Bldar drvar syna stefnu jokulhlaupanna. Blda punktalinan afmarkar rof farvega.

Landlikanio og heedarsnidin eru unnin it frd myndum teknum med flygildi. Stadsetning sveedisins er synd d 4. mynd.
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Jokulhlaup flow

Smaller flood and/or
fluvial drainage
Knickpoint retreat
Canyon rims
Trough/spillway

* Incision point at trough

Southern
ataract

1. Jokulhlaup initiates knickpoint
retreat in both canyons,
feeding southern canyon
through trough/spillway.

2. Hellisgil incises below trough
elevation; southern canyon is
abandoned.

3. Subsequent smaller flood
and/or fluvial drainage flows
through Hellisgil and down
valley, further incising canyon
and reworking infill.

Grjéta valley

Southern canyon

Figure 7. Aerial images showing hypothesized canyon evolution at Hellisgil. Lettered arrows correspond to view location
and direction of photos a-c. Blue arrows in photos denote flood direction. Aerial image is from Loftmyndir ehf. The area
location is shown in Figure 4. — Loftmyndir sem syna tilkun d myndun farvega vio Hellisgils. Merktar drvar (a,b,c) syna
stadsetningu og { hvada dtt myndirnar eru teknar. Bldar orvar syna stefnu jokulhlaupanna. Loftmyndin er frd Loftmyndum

ehf. Stadsetning sveedisins er synd d 4. mynd.

tion models, satellite imagery, and aerial photographs.
Howeyver, unlike the western Blafell channels, these
are shallower, contain smaller-scale landforms, and
are not all continuously traceable in field surveys due
to vegetation or sediment cover and lack of defini-
tive flood evidence. Their weathered rock surfaces
and vegetation and sediment infill also indicate little
or no reworking or modification by subsequent floods
or fluvial activity. The Sanda channels also cover an
area with a lower surface gradient than western Blafell
(Figure 9).
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Hvitd river

After its confluence with the Grjéta, the Hvita river
continues south for ~15 km to Gullfoss waterfall,
flowing alternately through a confined basalt channel
up to ~15 m deep and a shallower channel containing
gravel bars (Figure 10). The landscape beyond the
riverbanks is dominated by glacial features, including
striated bedrock outcrops, whaleback bedrock forms,
and erratic boulders, with much of the intervening ter-
rain covered by moss, grass, and rofabards (erosional
soil pedestals). Four distinct zones of jokulhlaup evi-
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Figure 8. Geomorphologic map of the Sandd channels and examples of flood landforms and cross-sectional profiles. Num-
bers on map correspond to photo locations. Blue arrows in photos denote flood direction; dotted lines highlight flood
erosional landforms. Profile elevation data is from IslandsDEM (2021). See Figure 3 for geomorphologic map key. —
Landmdtunarkort af svedinu vid Sandd og pversnid rofforma dsamt ljosmyndum af landformum sem myndudust i jokul-
hlaupunum. Stadsetning ljosmynda er tolusett. Brotalinur afmarka rofform i farvegum. Heedargdgn pversnida eru frd
IslandsDEM (2021). Landmdtunarskyringar eru d 3. mynd.
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Figure 9. Topographic profile from Hvitdrvatn to Sandd showing elevation differences between the western Blafell and
Sand4 channel systems. Profile elevation data is from [slandsDEM (2021). See Figure 3 for geomorphologic map key. —
Heedarsnid frd Hvitdrvatni til Sanddr endurspeglar breytilega landhed drfarvega vio vestanvert Bldfell og Sandd. Snidid er
byggt d IslandsDEM heedarlikaninu (2021). Sjd skyringar d 3. mynd.
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Figure 10. Geomorphologic map of the Hvita river and examples of flood landforms. Numbers on map correspond to photo
locations. Blue arrows in photos denote flood direction. See Figure 3 for geomorphologic map key. — Landmotunarkort af
farvegi Hvitdr og ljosmyndir af landformum sem myndudust i jokulhlaupunum. Stadsetningu ljosmynda er tolusett d kortinu.
Bldar érvar syna stefnu hlaupanna. Sjd skyringar d 3. mynd.
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dence exist amidst this deglacial, vegetated landscape,
described here from north to south.

Area 1: The first area contains a ~200 m long, up to
~100 m wide tract of scoured bedrock with grooves,
flutes, and potholes, with some sections fractured into
angular but in situ slabs (Figure 10.2). The largest
grooves are ~1 m long and ~15 cm deep and oc-
cur nearly 60 m from the present riverbank. The out-
crop is bisected by a ~2 m high rofabard containing
a white, 26-cm-thick tephra layer at its base that has
been dated as Hekla 4, indicating that bedrock scours
have been shielded from Hvitd fluvial and seasonal
flood activity for at least 4270 years (Meara et al.,
2020). About 50 m upstream of this outcrop, a boul-
der bar covers a ~120 m long and ~50 m wide area,
with densely concentrated, subangular to subrounded
clasts up to 3 m diameter (Figure 10.1). Some boul-
ders retain a hexagonal columnar basalt shape (~1 m
diameter), which closely matches bedrock jointing
structures observed immediately upstream.

Area 2: The second area contains discontinuous out-
crops of scoured bedrock with grooves and flutes over
a ~100 m x 100 m area (Figure 10.3). It is separated
from the modern Hvitd by a rofabard whose basal
stratigraphic sequence contains a 22-cm-thick Hekla
4 tephra layer.

Area 3: A third zone of flood evidence occurs on
the Hvita’s eastern bank near the confluence with the
Budard tributary stream. This site contains a rela-
tively polished, faintly grooved and fluted bedrock
outcrop that is fragmented into angular but in situ
slabs. A boulder bar stretches northeast of this out-
crop for ~1 km, consisting of densely-concentrated,
subangular to rounded, fairly well-sorted clasts (av-
erage 0.5-1 m, maximum 2 m diameter) that outcrop
discontinuously from sediment and moss cover (Fig-
ure 10.4).

Area 4: The fourth zone contains ~0.5 km? of
scoured bedrock with grooves, flutes, and potholes
(Figure 10.6), nearly half of which is overlain by a
~1 km long boulder bar that is oriented parallel to the
modern-day Hvitd (Figure 10.5). The largest clasts
reach up to 2-3 m diameter and fine downstream to
1.5-2 m. While some clasts are subrounded, others re-
semble subangular, fragmented bedrock slabs. Boul-
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ders are weathered, lichen-covered, and anchored in a
mix of sediment, gravel, cobbles, and moss, display-
ing little evidence of recent modification. The boulder
bar is separated from the Hvit4 by a series of columnar
basalt pedestals up to ~5 m high with glacially stri-
ated top surfaces. Adjacent to the river, a trough-like
depression reaches ~400 m long, ~30-50 m wide,
and up to ~10 m deep. Though this feature displays
no clear jokulhlaup evidence and is lined with grass,
three features suggest formation before Hvitd chan-
nel incision: it is oriented parallel to the hypothesized
flood direction, resembles a flood-eroded trough or
spillway, and is ~15 m above the modern-day river
surface.

Gullfoss and Hvitdrgljifur

Roughly 30 km downstream of its outlet at Hvitarvatn,
the Hvita cascades 32 m over the two-tiered Gullfoss
waterfall (180 m asl) and funnels for 2.7 km through
the Hvitargljifur canyon (130 m asl at its southern
end) (Figure 11). Glacially striated bedrock occurs
on the upper rim of Gullfoss’s western bank (Figure
11.1). Its eastern bank forms a terrace that contains
an oval-shaped boulder field covering ~0.17 km?
and oriented parallel to the modern-day Hvitd (Fig-
ure 11.2). Boulders are subangular to subrounded,
well-sorted, and mostly in contact but with no clear
imbrication. Rocks are weathered, lichened, and ex-
hibit freeze-thaw fracturing, suggesting little recent
burial or soil cover, though cobbles, soil, and moss
anchor clasts and fill interstices. The largest boulders
reach 3.1 m diameter and occur in the upstream-most
~0.25 km of the bar, decreasing downstream to ~0.5—
1 m diameter before tapering off to a landscape with
fragmented, moss-covered bedrock outcrops and no
definitive flood or glacial evidence.

Hvitargljifur has a box shape, underfit river,
cataract (Gullfoss), and strath terraces that are charac-
teristic of analogue gorges eroded by high-magnitude
floods in basalt terrain, particularly Jokulsargljafur,
northeastern Iceland (Baynes et al., 2015a, 2015b),
Moses and Grand Coulees, Channeled Scabland,
U.S.A. (Baker, 1978, 2009; Larsen and Lamb, 2016;
Lehnigk and Lamb, 2022), and Box Canyon, Idaho,
U.S.A. (Lamb et al., 2008, 2014; Amidon and Clark,
2015). Hvitargljifur’s walls are composed of alternat-
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Geomorphologic landforms

Eroded troughs

Boulder bar

Jokulhlaups along the Hvitd river, SW-Iceland

Terrace elevations
~200 m asl
~190 m asl

~180 m asl
~175 m asl
~170 m asl

il

Figure 11. Examples of flood landforms and cross-sectional profiles in Hvitargljifur mapped on an oblique image of SfTM

3D-mesh. Numbers on map correspond to photo locations. The photographs are presented on the next page. Blue arrows
in photos denote flood direction; black arrows indicate features described in the text. Profile elevation data is from a digital
elevation model generated from drone-mounted SfM mapping. Horizontal scale is shown on profiles. The area location is
shown in Figure 10. — Prividdarlandlikan af Hvitdrgljufri par sem helstu landform jokulhlaupanna eru merkt inn dsamt

pversnioum. Ljosmyndir d neestu bladsiou eru tolusettar d likaninu. Bldar drvar syna fledistefnu; svartar orvar benda d
landform sem lyst er i texta. Hwdarpversnidio er unnin it frd landlikani frd myndum teknum med flygildi. Lengdarkvardi

sést d pversnioum. Stadsetning sveedisins er synd d 10. mynd.

ing layers of columnar basalt and lithified sedimentary
units (~8 m and ~4 m thick on average, respectively),
though many basalt columns have a "platy" structure
and easily fracture into smaller pieces (Askelsson,
1946; Témasson, 1993). Canyons likely formed via
knickpoint retreat from columnar basalt toppling and
plucking (and possibly cavitation if stream power was
high enough) (Benito, 1997; Baker, 2009; Lamb and
Dietrich, 2009; Baynes et al., 2015a). Another po-

JOKULL No. 72, 2022

tential contributing mechanism was erosion of weaker
sedimentary units, triggering undercutting and col-
lapse of overlying basalt layers (Askelsson, 1946;
Témasson, 1993).

The upstream section of the canyon has a box
shape that measures ~100 m wide rim-to-rim and
is floored by a set of paired strath terraces with
grass-covered surfaces (Figure 11.3) and an inset,
~30 m wide slot canyon that constrains the modern-
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day Hvita (Figure 11.4). Roughly 1 km downstream
of Gullfoss, the gorge expands to an average width
of ~200 m, displaying a box-shaped morphology
and reaching a maximum depth of ~60 m, though
a hill forming its eastern wall rises to ~90 m at
its downstream end. This canyon section contains
two distinct troughs at different elevations that are
separated from the main channel by remnant basalt
islands and have sloping hills of vegetated mate-
rial on their downstream ends (Figure 11.5). The
downstream-most western canyon wall contains two

52

potential unpaired strath terraces, which generally fol-
low the top surfaces of columnar basalt layers but
are less distinct than the upstream strath set (Figure
11.6). Neither the western nor eastern canyon rim
displays distinct jokulhlaup or glacial evidence ex-
cept for glacially striated outcrops atop a hill near the
eastern downstream end (~125 m above the canyon
floor), though most surfaces are vegetated or covered
by farmland or infrastructure. Downstream of Hvit-
argljufur, definitive jokulhlaup evidence disappears.
Témasson (1993) hypothesized that the box-shaped
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canyon sections were eroded by jokulhlaups, with the
wider, downstream section eroded by earlier, larger
floods, and the narrower, upstream section formed by
smaller, subsequent events, before the slot canyon was
incised by the post-flood Hvit4 river — a sequence that
our evidence supports.

Synthesis of geomorphologic evidence

Interpreting jokulhlaup geomorphologic evidence as
landform assemblages — groups of features formed
under similar hydraulic, lithologic, and geomorphic
threshold conditions — yields insight into flood hydrol-
ogy and drainage dynamics (Marren and Schuh, 2009;
Wells et al., 2022). Geomorphologic mapping in
the study area reveals three distinct jokulhlaup land-
form assemblages characteristic of flood impacts in
basalt landscapes: 1) scoured bedrock and anastomos-
ing bedrock channels; 2) canyons, cataracts, plunge
pools, and strath terraces; and 3) boulder deposits
(Figure 12A) (Wells et al., 2022). Interpreting as-
semblages in their geomorphologic and topographic
contexts yields insight into the relative order of land-
form generation during a single flood (Figure 12B)
and the hydraulic conditions and landscape evolution
along the drainage route (Figure 12C).

DISCUSSION: GEOMORPHOLOGIC
IMPLICATIONS FOR JOKULHLAUP
DRAINAGE ROUTES, LANDSCAPE
IMPACT, HYDROLOGY AND
CHRONOLOGY

Jokulhlaup drainage routes

Some landforms have clear glacial, jokulhlaup, or flu-
vial provenance, but many features are too ambiguous
to determine process-form relationships. Nonethe-
less, jokulhlaup landforms and glacial evidence occur
in distinct and sometimes unconnected zones in the
study area, with no definitive jokulhlaup landforms
present in glacial areas, and glacial evidence only ex-
isting at higher elevations or channel margins in jokul-
hlaup zones. While this helps to constrain the flood in-
undation area, it is not an immutable boundary. Flood-
waters may have inundated additional areas but lacked
the stream power to leave an erosional trace or the
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sediment supply to deposit material; post-flood geo-
logic processes certainly modified or removed flood
evidence from the modern record; and other jokul-
hlaup evidence may exist but is buried beneath sedi-
ment, soil, or vegetation. Furthermore, not all sections
of the study area were field surveyed, so some flood
margins are constrained with more certainty than oth-
ers. Thus, mapped jokulhlaup evidence should be in-
terpreted as a minimum floodwater extent. Synthesiz-
ing geomorphologic evidence yields the flood inunda-
tion area shown in Figure 13, divided into four unique
drainage routes based on evidence spatial distribution
and topographic context.

Jokulhlaup inundation area generally corresponds
with Témasson’s (1993) mapped drainage routes,
with two main differences. First, Témasson (1993)
did not report flood evidence in the Sanda channels or
Hellisgil canyons; and second, our preliminary field
investigations did not reveal flood evidence south of
the Sanda river or west of Hvitargljifur, though we
did not extensively survey this area (Figure 13).

Jokulhlaup geomorphologic impact

Isolating the geomorphologic impact of the Hvitd
floods remains difficult due to interpretive challenges
such as landform equifinality, post-flood preserva-
tion, and accurate reconstruction of pre-flood topog-
raphy (Wells er al., 2022). Geomorphologic evi-
dence is interpreted to show a landscape evolution
sequence of: 1) ice sheet retreat, leaving a deglacial
landscape of moraines, till, outwash sediment, erratic
boulders, and eroded bedrock; 2) jokulhlaups (Figure
12); 3) fluvial reworking, rounding, and polishing in
some flood-eroded channels; winnowing of boulder
deposits (Baker, 1973; O’Connor, 1993; Rathburn,
1993; Herget, 2005); Hvita channel incision; and sed-
imentation, soil development, rofabard erosion, and
vegetation growth across the region.

Several geomorphologic questions remain unre-
solved. The first is the discontinuous spatial distribu-
tion of jokulhlaup landforms along the modern-day
Hvita river, where definitive flood evidence only ap-
pears at four locations between Blafell and Gullfoss,
raising the question: does this distribution reflect ab-
sence of evidence or evidence of absence? We hy-
pothesize that jokulhlaup geomorphologic evidence
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Landform (number)/
assemblage (color)

Hydraulic context A

Scoured bedrock

Scouring via abrasion from transported sediments (Whipple et al., 2000;
Baker, 2009; Carling, 2009)

Larsen and Lamb, 2016; Lehnigk and Larsen, 2022)

Boulder deposits

Deposited in channels on flood waning stage or in zones of backponding,
topographic expansion, or low gradient on rising or waning stage (Baker,
1973; O’Connor, 1993; Rathburn, 1993; Herget, 2005)

Time (duration of flood)
N

@ Anastomosing Bedrock incision initiates in channels forming an anastomosing pattern s Columnar
bedrock channels (Benito, 1997; Baker, 2009) basalt
@ GRS Knickpoint retreat via plucking excavates bedrock steps, which ] N toppling /
progressively enlarge to cataracts (Benito, 1997; Carrivick et al., 2004a) H Bedrock Boulder
<]
@ T . Eroded by force of cascading water at the base of cataracts (Benito, 1997; g’ plucking deposition
8€ P! Lamb et al., 2014; Baynes et al., 2015a) s ~ Bedrock i
] edrod| :
Excavation by knickpoint retreat via plucking and/or columnar basalt & scouring \ / Cobbl_e/_gravel
Canyons . deposition
toppling (Lamb et al., 2014; Baynes et al., 2015a; Larsen and Lamb, 2016) Geomorphic ,
Incision by subsequent flood events, flood stages, and/or fluvial activity ~ Sediment thresholds Sand/silt ’
@ Strath terraces leaves previous bedrock surfaces abandoned (Baynes et al., 2015a; erosion deposition

Study area section +
landform assemblages

Geomorphologic interpretation

1) Western Blafell

O)e)
@®6®
@

(slope = 0.075)

hydraulic jump due to elevation drop at valley floor

highs and boulder bars at channel margins

valley infill

* Floodwaters scour bedrock and initiate incision in anastomosing channel network
« Stream power exceeds threshold for plucking, eroding bedrock steps that scale up to cataracts as stream power increases downslope

*  Kérgil canyons form via knickpoint retreat from plucking of non-uniformly jointed basalt; stream power is possibly enhanced by

*  Plunge pool erosion and bedrock scouring on channel floors continue after channel incision

* Boulders (mostly bedrock slabs that were plucked during channel incision, as indicated by pahoehoe textures and columnar basalt
structure on some clasts) are deposited in channels during flood waning stage

* Subsequent lower-magnitude flood and/or fluvial activity occurs in easternmost channels and continues down Grjéta valley,
reworking, rounding, and polishing boulder infill—though flow is not geomorphologically effective enough to modify scoured bedrock

* Hellisgil canyons incise via knickpoint retreat; subsequent smaller flood and/or fluvial activity reworks and polishes channel floors and

2) Sanda channels

)&

0®e

*  No subsequent flood or fluvial activity

* Floodwaters scour bedrock and initiate incision in anastomosing channel network

* Bedrock steps and cataracts are eroded within channels via plucking; landform scale decreases downstream as stream power
attenuates due to floodwater expansion over unconfined, low-gradient topography (slope = 0.023)

*  Boulders (mostly bedrock slabs that were plucked during channel incision, as indicated by grooves and columnar basalt structure on
some clasts) are deposited in channels during flood waning stage

3) Hvita River

SIS

* Floodwaters scour bedrock surfaces, but stream power does not attain threshold for plucking due to floodwater expansion and
shallowing across wide, unconfined, low-gradient topography (slope = 0.006)

* Boulders are deposited where flow competence decreases on flood waning stage or at marginal or backponded zones on rising stage;
no clear spatial trend in clast roundness or size, suggesting multiple boulder transport distances and sources (pre-existing glacial
moraines, till, and/or erratics, and bedrock slabs that were hydraulically fractured and transported short distances, as indicated by
subangular shape and columnar basalt structure that matches upstream lithology)

* Post-flood Hvitd River incises channel and reworks or deposits new material to form gravel bars

4) Gullfoss—Hvitérgljufur

@
®@6e®

@

*  Floodwaters excavate Hvitdrgljufur via columnar basalt toppling and plucking (and possibly cavitation, if stream power was high
enough), with Gullfoss marking the upstream-most point of knickpoint retreat
* Boulder baris deposited on Gullfoss terrace when floodwaters backpond upstream of topographic constriction during canyon incision

* Troughs are eroded within canyon, depositing material on downstream ends
* Canyon incision deepens, abandoning previous river and/or flood surfaces at higher elevations to form strath terraces
*  Subsequent fluvial and/or smaller flood activity reworks or removes material deposited in channel, forming present-day gravel bars;

Hvita River incises slot canyon

Figure 12. A) Jokulhlaup landform assemblages formed in the study area. B) Landform generation sequence during a single
flood with an idealized, single-peaked hydrograph. C) Spatial distribution and geomorphologic interpretation of landform
assemblages along the flood drainage route. — A) Samsetning landforma myndudum af jokulhlaupum d rannscknasveedinu.
B) Ro0 landforma sem myndudust i hlaupi med einum fleditopp. C) Landfreedileg dreifing og tilkun d samsetningu land-
forma i hlaupfarveginum.
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( I:I Flood inundation area (this study)
I:l Flood inundation area (Témasson, 1993)
S ﬁ Unique flood drainage route
andvatn
= [lood margin—field surveyed; well-
constrained with definitive glacial evidence
=mmmmr Flood margin—field surveyed; poorly
constrained with ambiguous
geomorphologic evidence
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Figure 13. Jokulhlaup inundation area based on geomorphologic evidence mapped in this study compared with Témasson
(1993). Orange arrows show unique flood drainage routes determined from geomorphologic evidence. Outlines indicate
certainty of flood margins based on geomorphologic surveys. Dark blue circles show estimated peak flow discharge re-
constructed from boulder paleocompetence (white outlines) and Manning’s equation (orange outlines) (Tables 1 and 2).
See Figure 3 for geomorphologic map key. — Utlinur farvega jokulhlaupa samkvemt pessari rannsékn, i samanburdi vid
nidurstoour Hauks Tomassonar (1993). Appelsinugulu drvarnar tdkna farvegi sem voru skilgreindir eftir landfreedilegum
ummerkjum. Utlinur pekktra (svért heil lina), 6ljésra (svért punktalina) og deetladra (raud punktalina) farvega eru merktar
d kortid. Dokkbldau hringirnir syna deetlad hamarksrennsli [ farveginum, byggt d dreifingu hnullunga og jofnu Manning’s
um fleedi { opnum farvegi (sjd toflur 1 og 2). Landmdtunarfreedilegar skyringar eru d 3. mynd.

is much more extensive than observed, but landforms  to exceed the threshold to erode anything beyond
are covered by soil or sediment, which is supported  scouring bedrock given this area’s unconfined topog-
by the fact that many features appear from beneath  raphy and low surface gradient (Figure 12) (Témas-
rofabards or vegetation. Alternatively, flood features  son, 1993). Another possible explanation is modifi-
could exist but are only identifiable in field surveys, cation by post-flood geologic processes, particularly
which have not yet been completed in every section of  the modern-day Hvitd, which appears to have incised
this area, a hypothesis that is supported by the fact that  the flood landscape to leave seemingly continuous
landforms such as scoured bedrock outcrops are dif-  scoured bedrock outcrops and boulder deposits on ei-
ficult to detect on available satellite imagery or aerial  ther side of its banks.

photographs; and we would not expect stream power

JOKULL No. 72, 2022 55



Wells et al.

Another remaining geomorphologic question is
where floodwaters deposited material. We would ex-
pect to see extensive flood deposits south of the Sanda
channels and Hvitargljifur, where floodwaters would
have entered a zone of relative topographic expan-
sion, decreasing competence and depositing material
eroded from the upstream channels. However, no ob-
vious depositional features appear in remote sensing
imagery or initial field surveys. This apparent lack
of evidence could have three possible explanations:
1) flood evidence exists but is obscured by overly-
ing soil, vegetation, or sediment cover; 2) flood evi-
dence has been reworked by subsequent fluvial activ-
ity, smaller jokulhlaups, and/or flood waning stages
and swept farther downstream; and 3) floods drained
across these landscapes but lacked the stream power
or sediment supply to leave an erosional or deposi-
tional trace, respectively (Témasson, 1993).

Jokulhlaup deposits may exist but only be de-
tectable by extensive field surveys, which we have
yet to do in these areas. Témasson (1993; 2002) re-
ported gravel, cobble, and boulder deltas along a zone
~3 km south of Hvitargljufur; and turbidites in la-
custrine sediment cores in Hestvatn, a lake ~40 km
south of Hvitargljafur, have been attributed to the
Hvit4 jokulhlaups due to their early Holocene depo-
sition (~10.6—-10.2 ka), non-volcanogenic origin, and
location along the presumed drainage route (Hann-
esdottir, 2006; Geirsdéttir et al., 2009; Hannesdottir
et al., 2006). Moreover, the Pjérsarhraun lava flow
~8600 ka would have buried any flood deposits south
of Hestvatn (Figure 1) (Témasson, 1993; Hjartarson,
1988; Halldorsson et al., 2008), and sea level may
have been higher at the time of the floods, resulting in
submarine deposits. Finally, Iceland’s dynamic early
Holocene glacial isostatic adjustment may have af-
fected flood incision and routing on a regional scale
(Témasson, 1993; Ing6lfsson et al., 2010; Eason et
al., 2015; Stucky de Quay et al., 2019; Pico et al.,
2022).

Another unresolved challenge is isolating the ge-
omorphologic impact of the Hvita jokulhlaups from
other geologic processes. This is particularly true
for Hvitargljufur, where the question remains; how
much of the canyon was formed by high-magnitude
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floods versus post-flood fluvial incision or other geo-
logic processes (such as faulting or groundwater seep-
age erosion (Lamb et al., 2008))? These relative con-
tributions are impossible to quantify without know-
ing pre-flood topography, number of flood events, and
Holocene Hvitd bedrock incision rates, among other
parameters. If fluvial erosion alone had been re-
sponsible for canyon formation — assuming that no
canyon existed at the time of deglaciation — the Gull-
foss knickpoint would have had to retreat horizon-
tally at an average annual rate of ~0.27 m. How-
ever, georeferencing aerial photos (Landmalingar Is-
lands) from 1960 to present reveals less than the re-
quired ~13 m of retreat during this interval at the
Gullfoss knickpoint location (though precise mea-
surements are difficult due to water stage flux, flow
turbulence, and a lack of precisely defined reference
points at the cataract) (Témasson, 1993; Baynes et al.,
2015b). Hyvitargljifur is the largest observed jokul-
hlaup landform, yet it occurs at the downstream-most
end of the study area where flow stream power and
volume would have likely attenuated after draining
for ~15 km across a relatively low-gradient, uncon-
fined plain. Why did floodwaters channelize at this
particular location? We hypothesize that a structural
weakness or a fluvial channel existed at the time of the
Hvita jokulhlaups, which floodwaters exploited. Its
relatively straight channel hints at a tectonic control
such as a fault, supporting this hypothesis (Témasson,
1993; Thordarson and Hoskuldsson, 2002).

A similar question applies for unraveling the rela-
tive role of floods versus fluvial activity in the Grjéta
channel and valley, where reworked boulder—cobble
infill may indicate multiple flood events. Though
observed seasonal flow has only occupied the low-
est, central-most channel section, fluvial activity may
have been greater in the past. The fact that the Grjo6ta
channel is labeled as the "Grj6ta river" on maps,
coupled with its thick, polished, channel-wide boul-
der infill, may suggest that a perennial river flowed
here during historic times. Moreover, snowpack and
seasonal melt may have been greater during cooler
Holocene periods such as the Neoglacial and Little
Ice Age (Larsen et al., 2012; Garcia-Castellanos and
O’Connor, 2018).
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with the hydraulic conditions and flood events that
formed them. We calculated paleocompetence of the
largest flood-deposited boulders at five sites to pro-
vide a first order approximation of the minimum flow

Jokulhlaup hydrology

Another key challenge in determining jokulhlaup ge-
omorphologic impact is linking individual landforms

Table 1. Peak flow discharge based on paleocompetence calculations for the largest boulder at five sites (for locations, see
references to figures in the table). — Nidurstodur iitreikninga straumhrada it frd hdmarkssterd hnullunga d fimm stooum
farvegum jokulhlaupanna (sjd tilvisanir { myndir i toflunni).

Site GPS Boulder | Boulder Boulder | Maximum | Channel | Discharge
coordinates | long axis | middle | shortaxis | channel |bedslope| (m?s™)
(m) axis (m) (m) width (m) (rounded
to nearest
hundred)
Grjota channel- boulder | N 64° 28’ 57.8” 32 2.15 1.8 25 0.04 1600
infill (Figure 4.6) W 19°58°38.1”
Grjota valley— boulder | N 64°27°56.4” 3.9 2.7 23 570 0.005 69,600
bar (Figure 4.8) W 19° 58”33.3”
Hvita River, Area 1— N 64°25°15.4” 2.9 1.9 1.25 525 0.015 31,000
boulder bar (Figure 10.1) | W 19° 59’ 34.6”
Hvita River, Area 4— N 64°20°26.8” 33 2.3 1.9 675 0.01 58,400
boulder bar (Figure 10.5) | W 20° 04’ 54.1”
Eastern Gullfoss— N 64° 19’ 40.8” 29 1.9 1.7 1155 0.001 128,400
boulder bar (Figure 11.2) | W 20° 06’ 30.0”

Table 2. Peak flow discharge based on Manning’s equation at channel cross sections at seven sites (for locations, see
references to figures in the table). — Nidurstodur iitreikninga d hdmarksstraumhrada fyrir sjo pversnio i farvegum

jokulhlaupanna. Utreikningar eru byggdir d jofau Manning’s (sjd tilvisanir { myndir af stadsetningu pversnida).

Site GPS Maximum | Maximum Channel Channel | Wetted | Hydraulic Velocity Discharge
coordinates | channel channel Cross- bed perimeter | radius (m) (ms1) (m3s™)
(in middle of | width (m) | depth (m) sectional slope (m) (rounded
transect) area (m?) to nearest
hundred)
Equation/ w D A=W*D S P R=A/P | V=(n")*(R?3)* Q=A*v
abbreviation (S'2)
Grjota channel, | N 64° 2857 25 9 180 0.04 375 4.8 14.23 2600
A-A’ (Figure 6) |W 19° 58’38~
Valagil, B-B’ N 64°29°06” 96 54 4824 0.09357 181.2 26.62 68.18 328,900
(Figure 6) W 19° 58720
Kor, C-C’ N 64°29°00” 103 44 4150 0.09357 169.2 24.53 64.56 267,900
(Figure 6) W 19°58°17”
Sanda channel, N 64° 287 02" 40 4 100 0.023 41 2.44 6.87 700
A-A’ (Figure 8) | W 20° 00”54~
Sanda channel, N 64° 26’39 180 10 1000 0.023 181.2 5.52 11.84 11,800
B-B’ (Figure 8) | W 20° 03’55
Hvitargljofur, A— | N 64° 19”327 100 32 2030 0.002 154 13.18 6.24 12,700
A’ (Figure 11) W 20° 07°23”
Hvitargljafur, B- | N 64° 19’ 05” 220 40 5800 0.002 292.3 19.84 8.19 47,500
B’ (Figure 11) W 20° 08 14”
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discharge required to transport clasts (Table 1). Since
suitable boulders were not present along each hypoth-
esized drainage route — and to compare methods — we
also used Manning’s equation to estimate flow peak
discharge at seven channel cross sections (Table 2).
We did not calculate discharge along the Hellisgil
route due to modified appearance of boulder deposits
and lower topographic resolution given a lack of SfM
drone-mapping and canyon shadow effects in the Is-
landsDEM (2021) model.

Preliminary results yielded peak flow discharges
spanning three orders of magnitude from 107 to
10° m3s™! (Figure 13). This corroborates peak dis-
charges calculated by Témasson (1993) from flood
channel cross sections, though results do not neces-
sarily correspond to the same drainage routes. The
Korgil canyons yielded the largest peak discharges of
~200-300,000 m3s~*, an order of magnitude greater
than Témasson (1993) calculated along this route
— though discharges of 10° m3s™* were also mea-
sured in Hvitargljifur, in line with Témasson’s re-
sults. Moreover, flood magnitude did not always cor-
relate with geomorphologic context along a single
drainage route. Peak discharge in the Sanda chan-
nels was two orders of magnitude higher in a shal-
low downstream channel than an upstream erosional
notch, where geomorphologic evidence and closer
proximity to the flood source would indicate greater
stream power. Furthermore, calculated discharges
sometimes differed at the same site for different paleo-
hydraulic methods; for example, peak flow discharge
from paleocompetence at the eastern Gullfoss boul-
der bar was on the order of magnitude of 10° m3s~1,
but only 10* m3s~! based on Manning’s equation at a
cross section in the same location.

These paleohydraulic reconstructions are subject
to numerous potential sources of analytical error and
uncertainty and should thus be interpreted as first or-
der approximations and reported as orders of magni-
tude rather than precise values. Both paleohydraulic
methods use modern-day topography, which does not
accurately represent channel morphology at the time
of the Hvita floods due to observed post-flood infill
(boulder deposits and talus slopes) and erosion (flu-
vial incision, particularly by the Hvita river), which
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can underestimate and overestimate peak discharge,
respectively. Moreover, cross sections may be inaccu-
rate where they intersect the modern-day Hvitd river
since underwater channel morphology and depth are
unknown, and water surfaces return inaccurate eleva-
tion data. Due to the lack of paleostage indicators of
floodwater depth, our calculations also assume "brim-
full" channels, which may significantly overestimate
peak discharge since channels may have formed dur-
ing multiple flood events, progressive downcutting
during a single flood, and/or post-flood fluvial inci-
sion (Larsen and Lamb, 2016; Lehnigk et al., 2022).
Some cross sections also have poorly defined chan-
nel margins due to a lack of paleostage indicators
or topographic constraints, particularly at measured
paleocompetence sites along the Hvita river. Paleo-
hydraulic calculations may also underestimate peak
flow if floodwaters drained along multiple paths con-
currently, as indicated by the anastomosing pattern
in the western Blafell and Sand4 channels. Finally,
paleocompetence may underestimate peak flood dis-
charge due to limited supply of larger clasts along the
drainage route or boulder deposition on flood wan-
ing stage or in zones of backponding or reduced flow
velocity (O’Connor, 1993; Rathburn, 1993; Herget,
2005; Stokes et al., 2012).

Despite these analytical uncertainties, paleohy-
draulic results can be interpreted alongside geo-
morphologic evidence to help reconstruct jokulhlaup
drainage dynamics. Peak discharges are greatest at
Kérgil and Hvitargljifur, in line with the largest-scale
flood erosional landforms, and decrease by an order
of magnitude in the area between the two canyon
systems, which is logical given the relative topo-
graphic expansion and low surface gradient and is also
reflected in the lower-intensity erosional landforms
along this reach. Peak discharges in the Sanda chan-
nels are smaller than those along the western Bléfell
and Hvita river routes, corroborating field evidence
of floods with lower stream power and supporting the
hypothesis that separate floods formed the Sand4 net-
work. Finally, discharges along the western Bléfell
route match orders of flow magnitude along the Hvita
river, supporting geomorphologic evidence that they
continued to drain along this path.
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Jokulhlaup chronology

Spatially and temporally linking different lines of
geomorphologic evidence — in other words, determin-
ing which floods formed which landforms — is cru-
cial for reconstructing flood magnitude, drainage se-
quence, and geomorphologic impact, yet it remains
a significant challenge that we cannot resolve with-
out absolute dating. Nonetheless, geomorphologic ev-
idence must precede geochronological data to help
generate hypotheses and design sample collection
strategies.

There is no clear geomorphologic evidence
for multiple flood events along each hypothesized
drainage route, suggesting five possibilities: 1) only
one flood drained along each route; 2) multiple floods
occurred, but the most recent flood was the largest and
most geomorphologically effective, erasing evidence
of previous, lower-magnitude events; 3) smaller, sub-
sequent floods occurred but lacked the stream power
and/or sediment supply to leave a distinct geomor-
phologic signature; 4) multiple floods occurred, but
their individual geomorphological impacts are not dis-
tinguishable due to feature equifinality or preserva-
tion; or 5) subsequent high-magnitude floods did drain
along these routes but incised channels further, leav-
ing sides unmodified and abandoned while lowering
and reworking material on channel floors (Larsen and
Lamb, 2016; Lehnigk and Larsen, 2022).

Despite its hypothesized conveyance of three sep-
arate drainage routes, the present-day Hvitd course
between the Grjotd confluence and Gullfoss also
does not display definitive evidence of multiple flood
events. However, jokulhlaup zones along this reach
occur at different spatial scales and elevations above
the modern river channel, potentially indicating for-
mation by different floods. Areas 1 and 2 are situ-
ated at the modern-day Hvitd bank elevation, while
Areas 3 and 4 are perched ~10-15 m above the cur-
rent river level and cover much larger areas, possibly
suggesting that the latter two sites were formed by
older and/or larger floods. However, we hypothesize
that Hvit4 incision occurred post-flood since floodwa-
ters would likely have expanded a pre-existing chan-
nel to a more box-shaped morphology as seen at
Hyvitargljifur given the area’s similar columnar basalt
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lithology. Moreover, jokulhlaup geomorphologic ev-
idence may be more extensive at Areas 1 and 2 but
is presently buried by soil and vegetation. Thus, evi-
dence is not conclusive enough at present to determine
whether geomorphologic differences between sites re-
sult from separate flood events or lithologic, topo-
graphic, and/or sediment supply variations along the
drainage route.

Hvitargljufur may also preserve clues to relative
jokulhlaup chronology. Strath terraces may indicate
post-flood surfaces that were abandoned after further
flood and/or fluvial incision; and the two troughs in
the downstream canyon section occur at different el-
evations, possibly indicating erosion during different
flood events. However, these features could also have
formed during different stages of the same flood as the
canyon progressively deepened and left previous ero-
sional marks abandoned at higher elevations (Témas-
son, 1993; Baynes et al., 2015a; Lehnigk and Larsen,
2022).

To reconstruct flood sequence and absolute
chronology, cosmogenic nuclide exposure dating
should be conducted along each of the four mapped
flood routes, as well as at different elevations and spa-
tial extents along the Hvita river to identify separate
floods that may have drained along the same path.
Numerous flood-scoured bedrock surfaces, flood-
deposited boulders, and canyon, cataract, and strath
terrace levels offer promising sampling candidates to
reconstruct absolute flood chronology (Figures 4, 8,
10, and 11). However, it is possible that temporal
resolution will not be high enough to distinguish be-
tween events that occurred on a decadal or centennial
time scale given error ranges from other studies using
this technique in Iceland (Andrés et al., 2019).

IMPLICATIONS FOR ICELANDIC ICE
SHEET DEGLACIATION

Synthesizing flood drainage routes, geomorphologic
impact, hydrology, and relative chronology introduces
four hypothesized scenarios for IIS deglaciation and
Glacial Lake Kjolur evolution (Figure 14). How-
ever, testing these scenarios requires additional on-
going reconstructive methods such as geochronology,
ice sheet modeling, and glacial lake mapping.
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Langjokull

Langjokull

Ice margin extends to Sandd channels

Floodwaters drain from Glacial Lake Kj6lur via en-,
sub-, and/or supraglacial drainage and exit along ~2
km wide ice margin. If ice sheet is thick enough, ~70
m hill separating Grjota valley from Sandd channels
does not pose a topographic constraint for en- or
supraglacially draining floodwaters.

Drainage route south of Sandd River is unknown

Ice margin retreats to Blafellshals

Glacial Lake Kjolur drains along en-, sub-, and/or
supraglacial paths, with floodwaters exiting along ~4
km wide ice margin ~1.5 km south of Blafellshals
Floodwaters are topographically confined to Grjota
valley; Sanda channel route is abandoned
Floodwaters continue along modern-day Hvitd River
to Hvitargljufur

Glaial lake " Subaerial flood drainage

Flood inundation area Qﬁ Subglacial flood drainage

C—1 Ice sheet margin (more confident due to

presence of striated bedrock or moraines)

EEEEEE [ce sheet margin (less confident due to lack

of clear glacial evidence)

Figure 14. Potential scenarios of ice margin position, glacial lake location, and jokulhlaup drainage routes down the Hvitd
channels progressing through time from panel A (oldest) to panel D (youngest) on the next page. Figure 3 shows geomorpho-
logic map key. — Hugsanlegar svidsmyndir um stodu jokuljadra, iitbreidslu jokullona og flédafarvega fjogurra jokulhlaupa
nidur farveg Hvitdr. Svidsmynd A er fyrir elsta flodid og D pad yngsta, sjd nestu bladsidu. Landmdtunarskyringar eru d

3. mynd.
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Flood drainage from unknown ice-marginal lake

forms Hellisgil canyons

* Floodwaters are topographically confined to Hellisgil
and Grjéta valleys; continue along modern-day Hvita
River to Hvitargljufur

* Timing relative to western Blafell floods is unknown,

but postdates Sanda floods since area was ice-free

Ice sheet retreats and thins; Glacial Lake Kjolur

surface elevation drops below Blafellshals

¢ Floodwaters drain from lake along en-, sub-, and/or
surpraglacial paths along eastern side of Blafell,
exiting ice margin near southeastern base

* Floodwaters continue along modern-day Hvita River

to Hvitdrgljufur

Glaial lake ~ Subaerial flood drainage

_ Flood inundation area

Figure 14. Cont. — Framhald.

;2? Subglacial flood drainage

Témasson (1993) interpreted paleoshoreline ele-
vations to conclude that multiple floods drained from
Glacial Lake Kjolur, with at least four draining to the
north, four subsequently over Blafellshals, and seven
finally around the eastern side of Blafell. While our
observed geomorphologic evidence corroborates the
locations of the latter two drainage routes, it does not
indicate multiple jokulhlaup events. This could imply
that shorelines do not correspond to unique drainage
events but were instead formed by a series of smaller
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C—1 lce sheet margin (more confident due to
presence of striated bedrock or moraines)

EEEEETE [ce sheet margin (less confident due to lack
of clear glacial evidence)

lakes rather than a single, continuous Glacial Lake
Kjolur; or that the lake drained along additional routes
than those mapped in the study area. However, these
scenarios are unlikely given the estimated flood mag-
nitude (and thus lake volume), regional topography,
and lack of jokulhlaup evidence observed elsewhere.
Alternatively, the ice sheet could have retreated
from the catchment too quickly for the lake to refill
and/or the glacier thinned too rapidly to re-impound
meltwater (Evans and Clague, 1994; Tweed and Rus-
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sell, 1999; Benn and Evans, 2010). The IIS had a rel-
atively low surface gradient due to underlying topog-
raphy. Thus, if atmospheric temperatures increased
and equilibrium line altitude (ELA) decreased rapidly
(perhaps exacerbated by rapid glacial isostatic uplift),
the glacier could have thinned very quickly and failed
to reach the required ELA to reform during cooler pe-
riods, leading to rapid breakup with little readvance
(Patton et al., 2017). Lake growth can also trigger
a positive feedback cycle of ice loss, with meltwa-
ter destabilizing glacier termini by increasing melt-
ing and calving rates (Benn and Evans, 2010; Carri-
vick and Tweed, 2013; Carrivick et al., 2020; Suther-
land et al., 2020). Rapid early Holocene IIS retreat
has been recorded by cosmogenic nuclide dates on
glacial surfaces in northern Iceland (Andrés et al.,
2019). It could further be supported by the relative
lack of moraines across the study area and the dearth
of lacustrine sediments in the Kjolur basin; however,
this could also be due to the fact that the region was
near the ice divide, leaving little terrain for glaciers to
erode and source sediment (Kaldal and Vikingsson,
1990; Patton et al., 2017).

A second hypothesis for a single flood along
each route is that jokulhlaups were volcanogenically
sourced, with a subglacial eruption producing a rapid
meltwater influx that triggered ice dam failure or flota-
tion. Leggjabrjétur is the only documented lava flow
from a subglacial eruption in the Kjolur basin dur-
ing deglaciation, estimated as occurring during the
Younger Dryas when the area was partly glaciated,
and possibly contributing meltwater to Glacial Lake
Kjolur (Kjartansson, 1964; Témasson, 1993; Sin-
ton et al., 2005; Eason et al., 2015). Alternatively,
a different subglacial eruption could have occurred
that has not yet been reported, which is a possibility
given increased magma production and eruptive activ-
ity from decompression melting in response to glacier
unloading during the early Holocene (Maclennan et
al., 2002; Sinton et al., 2005; Licciardi et al., 2007;
Eason et al., 2015).

Another hypothesis for the apparent lack of mul-
tiple floods along each route is that evidence is not
preserved in the geomorphologic record. Subsequent
floods (or other post-flood processes) could have re-
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moved or modified landforms from previous events
— for example, by reworking channel infill, further
incising channels, or depositing material atop flood-
modified surfaces (Wells et al., 2022). Ice-marginal
lakes typically drain repeatedly in a process known
as the "jokulhlaup cycle," where lake level crosses a
hydrostatic threshold to trigger ice dam flotation or
failure, and glacial tunnels close when overlying ice
pressure exceeds waning hydraulic pressure, allowing
the lake to refill (Evans and Clague, 1994; Tweed and
Russell, 1999). Ice-marginal lakes repeatedly drained
through this process during the Pleistocene—Holocene
transition in North America, Eurasia, and Patago-
nia (Baker, 2013; O’Connor et al., 2020; Benito et
al., 2021), as well as throughout recorded history in
Iceland (Thorarinsson, 1939; Roberts et al., 2005),
Greenland (Russell et al., 2011), Patagonia (Jacquet
et al., 2017), and Alaska (Anderson et al., 2003).
Moreover, one of the most robust indicators of mul-
tiple events is stacked layers of deposited sediments,
which have not yet been reported in the Hvitd region
(Carling, 2013; van der Bilt et al., 2021). Thus, the
lack of evidence for multiple floods in the current ge-
omorphologic record does not reject this "jokulhlaup
cycle" hypothesis.

CONCLUSIONS

New mapping of the geomorphology of the Hvita re-
gion that combines field surveys, remote sensing, and
a new interpretive framework (Wells et al., 2022) re-
veals more extensive jokulhlaup evidence and a more
complex pattern of drainage dynamics and landscape
impacts than previously reported (Témasson, 1993).
Geomorphologic results indicate that floods drained
along four distinct routes, three of which merged to-
gether along the present-day Hvitd river; and first
order approximations of peak flow discharges range
from 102 to 10° m®s~*. There is no definitive evidence
along the individual routes for multiple separate flood
events, which is incompatible with the presence of
numerous paleoshorelines in the former Glacial Lake
Kjolur basin (Kjartansson, 1964; Témasson, 1993),
as well as ice-dammed lake drainage analogues in
Iceland and worldwide. This implies that if multiple
floods drained along each separate route, in each case
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the last flood was able to override the traces of previ-
ous events or left no evidence discernible today within
the landscape record. Future geochronological anal-
yses can help resolve flood drainage sequence and
timing.

Geomorphologic and paleohydraulic results intro-
duce different, testable scenarios of ice margin po-
sition, glacial lake evolution, and flood drainage se-
quence that help us to better understand the final de-
cay of the last IIS. Nonetheless, numerous interpre-
tive challenges and knowledge gaps remain, includ-
ing determining pre-flood topography; mapping land-
scape sections obscured by Holocene vegetation and
soil cover; linking jokulhlaup landforms to the spe-
cific flood event that formed them; establishing melt-
water source; distinguishing subglacial versus sub-
aerial flood drainage routes; and reconstructing an ab-
solute flood chronology. Geomorphologic results also
demonstrate the importance of mapping with a multi-
method approach combining field surveys and remote
sensing, accurately interpreting geomorphologic ev-
idence, and accepting limitations of the geomorphic
record (Wells et al., 2022).

The Hvita jokulhlaups illustrate the importance
of high magnitude, low frequency meltwater outpour-
ings in shaping landscapes of deglaciation in Ice-
land during IIS breakup and, by implication, previous
glaciations. The current decay of Icelandic ice caps
is creating ever larger ice-marginal meltwater lakes
(Adalgeirsdottir et al., 2011, 2020; Gudmundsson et
al., 2019; Hannesdoéttir et al., 2020), and although
changes in ice masses and lake volumes are orders
of magnitude smaller than during early Holocene
deglaciation, reconstructing past ice sensitivity and
proglacial hydrologic response may yield insight into
contemporary and future change in Iceland. This
study of the Hvit4 floods also increases the very lim-
ited body of existing work on the impacts of Icelandic
jokulhlaups on bedrock terrain and crucially advances
our understanding of proglacial lake outbursts rather
than the effects of subglacial eruptions. This helps us
to identify additional flood landscapes in Iceland and
adds to the global compendium of flood geomorphol-
ogy in basalt settings (Baynes ef al., 2015a).
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Finally, the Hvitd jokulhlaups serve as an ex-
cellent analogue for similar events elsewhere. Ice-
dammed lakes at ice sheet margins drained during the
Pleistocene-Holocene transition across North Amer-
ica, Scandinavia, Eurasia, and Patagonia (Komatsu et
al., 2016; Regnéll et al., 2019; Benito and Thorndy-
craft, 2020; Fisher, 2020; O’Connor et al., 2020);
and contemporary floods from ice-marginal lakes oc-
cur at the Greenland Ice Sheet (Grinsted et al., 2017),
Patagonian Ice Field (Dussaillant ef al., 2010), and
Alaska (Rick et al., 2022). The IIS was particularly
sensitive to temperature changes due to its relatively
low ELA, low-gradient topography, and maritime cli-
mate (Norddahl and Ingélfsson, 2015; Hannesdoéttir
et al., 2015; Patton et al., 2017; Andrés et al., 2019).
Thus, it may be a particularly appropriate case study
of ice response to rapid temperature rise under fu-
ture or even current climate warming scenarios, which
is crucial given predicted glacier retreat, meltwater
lake expansion, and hydrologic impacts on natural and
human systems worldwide (Huss and Hock, 2018;
Farinotti et al., 2019; Shugar et al., 2020; How et al.,
2021; Huggonet et al., 2021).

FUTURE RESEARCH AGENDAS

Numerous research directions remain to reconstruct
the Hvita jokulhlaups and situate these events within
early Holocene environmental change in Iceland. We
highlight three worthwhile future lines of inquiry:

e Expand geomorphologic field mapping by: 1) sur-
veying the eastern side of Blafell to ground truth po-
tential flood evidence identified in remote sensing im-
agery; and 2) exploring downstream of the Sanda
channels and Hvitargljifur canyon, potentially with
subsurface imaging, to search for flood deposits to
help constrain flood routing, geomorphologic impact,
and relative chronology.

e Reconstruct the location, volume, and stages of
Glacial Lake Kjolur by mapping paleolake shoreline
extent and elevation. This links meltwater source with
downstream flood routes and impacts, helping to un-
derstand glacial lake evolution and flood recurrence
interval and drainage dynamics.

e Model ice sheet position and evolution during the
final phase of IIS retreat. Jokulhlaup geomorphol-
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ogy and geochronology will help to calibrate ice sheet
models and test output simulations, yielding insight
into links between climate, ice behavior, and hydro-
logic response.
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Jokulhlaup (Glacial outburst floods) hafa verid mik-
ilvegur pattur 1 landslagsmétun og umhverfisbreyt-
ingum 4 Isoldinni (Quaternary). A Islandi er tidni
jokulhlaupa meiri en 4 6drum stodum 4 jordinni, en
flestar rannséknir hafa beinst ad jokulhlaupum sem
eiga upptok sin undir joklum vegna eldvirkni (sub-
glacial volcanogenic floods). Umfangsmikil jard-
fredileg ummerki finnast medfram farvegi Hvitar 4
sudvestanverdu landinu, sem benda til stérra jokul-
hlaupa 4 fyrri hluta nitima (Holocene) fra jokulstifi-
udu 16ni 4 Kili. Hingad til hefur einungis ein fraedi-
grein (Haukur Témasson, 1993) verid ritud um pessi
miklu fl68. Okkar rannsoknir byggja 4 kortlagningu
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landforma og fjarkonnun 4 ummerkjum jokulhlaupa
medfram farvegi Hvitar. Vid ranns6kudum rofform og
kerfi farvega i berggrunni, gljifur og setmyndanir, svo
sem storgrytisdreif og set { drfarvegum. Okkar nidur-
stodur eru settar fram med: 1) uppferdu landmoétun-
arkorti af ummerkjum jokulhlaupa i Hvitd; 2) end-
urgerd 4 farvegakerfi hlaupanna, landmétun peirra,
vatnafredi dsamt afstedum aldursgreiningum og 3)
nyjum kenningum um ttbreidslu og legu jokla og jok-
ulléna. Ttarlegri tilkun 4 landformum sem myndud-
ust { lodunum hefur leitt 1 1j6s mun fléknara fledi-
mynstur { fjorum farvegakerfum med upptok hugsan-
lega 4 tveimur mismunandi stodum. Endurreiknad ha-
marksrennsli flédanna er metid 4 bilinu fra 10? upp
i 10°m® s~'. A grundvelli landfredilegra og vatna-
fredilegra gagna er haegt ad setja upp fjérar mismun-
andi svidsmyndir 4 pvi hvernig fl6din attu sér stad, en
til ad dkvarda fjolda fléda 1 hverjum farvegi parf na-
kvemari aldursgreiningar. Jokulhlaupin { Hvit4 gefa
skyra mynd af peim miklu umhverfisbreytingum sem
4ttu sér stad { lok sidasta jokulskeids 4 fslandi og varpa
1j6si 4 ahrif stérra en sjaldgefra jokulhlaupa & métun
landslags. Slik hamfarahlaup endurspegla umhverfis-
breytingar fortidar, en geta hugsanlega ordid { framtid-
inni vid dframhaldandi hlynun 4 joklasvedum jardar.
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