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Field investigation and hydraulic modeling of the Jokulsa a Fj6llum outflow channel in the northern high-
lands of Iceland suggest a larger than previously modeled jokulhlaup catastrophic release of glacial floodwa-
ters probably occurring just after early Holocene deglaciation. Although earlier investigations described a
similar large paleoflood event, our hydraulic model parameter estimates and floodplain inundation maps cor-
relate with new field evidence presented here. Due to its temporal and voluminous outflow we consider po-
tential jokulhlaup sources and mechanisms and also its relevance as an Earth analog to Mars fluvial

J'fflfl‘l’fﬁffjb geomorphology and processes. In this study, we reconstruct this large jokulhlaup event using HEC-GeoRAS
Paleohydrology to extract three-dimensional channel geometry and the HEC-RAS hydraulic model. Depositional and erosion-
Paleofloods al landforms across the 435-485 km? flood inundation area provide field evidence of high water lines (trim-
Hydraulic modeling lines) required for hydraulic model constraints. Hydraulic modeling results related to this field evidence and
Iceland

the unambiguous inundation of Ferjufjall along the Mt. Herdubreid reach gives a conservative peak discharge
Mars rate of 2.2x10’ m?s™! and a mean flow velocity of 149 ms™~'. By comparison, this is larger than the
1.8x107 m> s~ ! peak discharge of the Kuray paleoflood in the Altai Mountains of Siberia, which is the largest
previously documented paleoflood on Earth. This study suggests that this paleoflood through the Jokulsa a

Fjollum channel is the largest known on Earth.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

This paper presents new field evidence and hydraulic modeling for
a large Holocene jokulhlaup in the northern highlands of Iceland. We
also compare how this paleoflood relates to other catastrophic out-
bursts and to important issues in paleoflood hydrology. Jékulhlaup
is the Icelandic term that describes any abrupt release of massive
amounts of water generated by glacial-volcanic interactions and cli-
mate change (Bjornsson, 2009). They are typically of short duration
with high magnitude water and sediment outflows much greater
than normal discharge (Carrivick and Rushmer, 2006). The objective
of this research was to develop a method to model catastrophic dis-
charge on Earth using remote sensing data that can be applied to
analogous locations on Mars. Two field sites were initially chosen,
Eddy Narrows, Montana, which is the conduit for all Pleistocene Glacial
Lake Missoula (GLM) floodwaters on its way through the Channeled
Scablands of the pacific northwestern United States (Pardee, 1942; Alt,
2001), and Jokulsa a Fjollum channel in Iceland, which has experienced
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episodic jokulhlaups over recent geologic time (Saemundsson, 1973;
Bjornsson, 2002; Waitt, 2002; Carrivick et al., 2004a,b; Alho et al., 2005;
Bjornsson, 2009). Each site was previously hydraulically modeled and
its fluvial geomorphology described in the field and subsequently com-
pared to Mars outflow channels (Baker and Milton, 1974; Malin and
Eppler, 1981; Rice and Edgett, 1997). The focus of our paper is on Iceland
hydraulic modeling results validated by new field evidence and to offer a
model to apply to Mars fluvial systems. To that end, we are fortunate to
use the extensive research by others on the Glacial Lake Missoula paleo-
floods (Pardee, 1910; Bretz, 1925; Pardee, 1940, 1942; Baker, 1973; Baker
and Milton, 1974; Benito, 1997; Alt, 2001; Carling et al., 2003) as well as
our previous work there. We also rely on extensive research that ad-
dresses the use of hydraulic models and fluvial geomorphological inter-
pretation of paleofloods related to both Earth and Mars fluvial systems
(Costa, 1983; Baker et al,, 1988; House et al, 2002; O'Connor et al,
2002; Carling et al., 2003; Herget, 2005; Carrivick and Rushmer, 2006).
One important application of this work is to offer insight into the vol-
umes of water necessary for jokulhlaup-type outburst events that pro-
duced the massive fluvial geomorphological features observed on Mars
(Howard, 2008, 2010 unpublished data). Applying these hydraulic
models to Mars outflow channels serves to test hypotheses about water
conveyance and if water sources were from air-fall precipitation con-
tained in source basins, or if water was derived from subsurface aquifers
beneath a confining cryolithic ground-ice layer, or through groundwater
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sapping (Hanna and Phillips, 2005). In this paper we will briefly discuss
the applicability of our model to Mars fluvial processes.

1.1. Background

Jokulhlaup outbursts create fluvial channels with unique geomor-
phologic features that are observed at various locations on Earth and
in the enormous fluvial channels observed on Mars. Jokulhlaups are
studied extensively on Iceland to understand paleofloods and modern
floods due to glaciovolcanic interactions and climate change (Gomez
et al., 2000; Bjornsson, 2002; Magilligan et al., 2002). Recent volcanic
eruptions (March and May 2010) beneath the Eyjafjallajokull glacier
in southern Iceland released tremendous volumes of ash, lahars, and
glacial melt-water that devastated local communities and halted
European airline travel for days, underscoring that jokulhlaups are a
significant topic of modern geological hazards research (Berninghausen
etal., 2010). Of particular interest to our study is the groundbreaking re-
search of Alho et al. (2005), Carrivick et al. (2004a,b), and Carrivick
(2007) in that their work describes the geomorphology and hydraulics
of Jokulsa & Fjollum channel at Vatnajokull glacier. Additionally,
Bjornsson (2002, 2009) describes the formation mechanisms and
heat sources for marginal and subglacial lakes required for jokulhlaups
to occur. Previous field work at Jokulsa & Fjollum channel describes in
detail many of the glacial deposits and fluvial features such as pendant
bars, streamlined hills, boulder fields, and slackwater deposits (Malin
and Eppler, 1981; Rice et al,, 2002; Waitt, 2002; Carrivick et al., 2004a,
b; Alho et al., 2005; Carrivick, 2007). Alho et al. (2005) conducted the
most quantitative hydraulic study and proposed a peak discharge and
mean flow velocity for the channel's largest Holocene outburst primarily
from aerial photography and field evidence at Vadalda, Upptyppingar,
and Modrudalur reaches (Fig. 1).

Based on previous HEC-RAS hydraulic modeling of paleofloods in
GLM (Benito, 1997; O'Connor et al., 2002) and at Jokulsa & Fjollum
(Alho et al., 2005) and the minimal quantitative differences between
one and two-dimensional models (Miller and Cluer, 1998; Alho and
Aaltonen, 2008), we adopted a one-dimensional standard step meth-
od hydraulic model for the estimation of catastrophic outburst pa-
rameters. A discussion of hydraulic model differences is presented
in Section 3.3. Jokulhlaup-type Earth-analog sites at Eddy Narrows,
Montana, and Jokulsa & Fjollum channel in Iceland were used to
refine and calibrate the model and to assess correlations between
channel hydraulics and fluvial morphology. Glacial Lake Missoula
research is relevant because of its catastrophic outflow across a
large area that has similar geomorphology to outflow channels
found on Mars (Pardee, 1910; Bretz, 1923, 1925; Pardee, 1940,
1942; Bretz et al., 1956; Baker, 1973; House et al.,, 2002; Gregory
and Benito, 2003). The adopted hydraulic model uses remote
sensing imagery, digital elevation models (DEM), and geographic
information system (GIS) feature classes to create an accurate
hydraulic profile of the outflow channel. The profile of the channel,
derived from GIS, is input to the hydraulic model where subcritical
to supercritical regimes are used under steady flow conditions to
estimate peak discharge, mean flow velocity, shear stress, and
power of the flood.

2. Field area

Jokulsa a Fjollum channel, Iceland (Fig. 1) located at 16°08'02.94"
W, 65°15’08.15" N, is a basalt bedrock fluvial channel that experienced
prehistoric periodic jokulhlaup outbursts from Vatnajokull glacier due
to 1) subglacial volcanic activity and 2) accumulation of marginal lakes
as aresult of Pleistocene ice-cap recession (Bjornsson, 2002, 2009). Locat-
ed in the highlands of northeastern Iceland, the channel is the only con-
duit north of Vatnajokull for jokulhlaup discharge. Jokulsa & Fjollum is
the second longest river in Iceland, extending 206 km from Vatnajokull
glacier to Asbyrgi canyon in northern Iceland. The channel follows the
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Fig. 1. J6kulsa a Fj6llum channel at Vatnajokull, Iceland. The inset overview shows the
bounding area. Jokulsa a Fj6llum flows from south to north, from Vatnajokull to the
Arctic Ocean. The white dashed line outlines the study area. The image is Landsat
ETM + panchromatic (band 8) overlain on a digital elevation model derived from
ERS-SAR InSAR data. The Landsat image source is USGS EOSDIS, and Iceland elevation
data are courtesy of the Institute of Earth Sciences, University of Iceland.

active Mid-Atlantic Ridge Northern Volcanic Zone (NVZ) (Carrivick et
al., 2004b) and was covered by a late Pleistocene (Weichsel Period) ice-
cap that extended into the Arctic Ocean (Bjornsson, 2002; Waitt, 2002;
Geirsdottir et al., 2007). Iceland experienced glacial retreat from the
Belling/Allered interstadial through the Younger Dryas stadial. Since
the Late Preboreal Period the glacial coverage of Iceland was not much
different from its current glacial areal extent (Ehlers and Gibbard, 2007;
Geirsdottir et al., 2007). The literature suggests that constructive (volca-
nic) processes have exceeded erosional processes except for jokulhlaup
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events in the central highlands since the last glaciation and therefore gla-
cial deposits are rare (Geirsdottir et al., 2007).

Our field study was conducted in 2008 and extended from the cur-
rent channel convergence at 65°10'46.6” N, 16°12’17.5” W about
3.5 km south of Mt. Herdubreid campground to Ferjufjall at 65°20'1.6”
N, 16°0'23.6” W, for a total reach length of approximately 22 km
(Fig. 2). Our intent was to support the work of Alho et al. (2005) by fill-
ing in the field gap between Upptyppingar and M6drudalur reaches of
the channel and use their field evidence to extend our spatial coverage.

3. Methodology
3.1. Remote sensing data

Topographical data for the hydraulic model were derived from
two European Remote Sensing Satellite Synthetic Aperture Radar
(ERS-SAR) image pairs from the Interferometric Synthetic Aperture
Radar (InSAR) instrument. The image pairs were used to generate
the 25x25x1 m resolution digital elevation model used in this
study. Landsat ETM + multispectral and panchromatic imagery at 25
and 15 m spatial resolution, respectively, were also used for base-
maps and feature location and identification in the field. 1:50,000
scale Iceland topographic maps (Unknown, 1950) were used for gen-
eral geologic mapping and field evidence locations.

3.2. Field investigation
Our field work included mapping erosional and depositional fluvial

geomorphological evidence of catastrophic flooding and estimating
channel and overbank surface roughness (Manning's n). We estimated
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Manning's n using previous field observation experience and standard
references as a guide (Chow, 1959; Barnes, 1967; Arcement and
Schneider, 1989). We field-validated DEM-derived channel geometry
and geomorphology through geologic mapping and surveying using a
handheld Global Positioning System (GPS), Brunton compass, clinome-
ter, and laser rangefinder. Trimline heights and erosional and deposi-
tional landforms were mapped and entered into a GIS Geodatabase
for use in the hydraulic model. We recognize that our Garmin GPSMAP
60CSx may produce location and elevation inaccuracies even in differ-
ential GPS mode on the order of 3-5 m; however, we used the altimeter
function (calibrated barometer) to assist in vertical GPS error correc-
tion (Garmin GPSMAP 60CSx Owner's Manual, 2007).

3.3. One versus two-dimensional flow models

One-dimensional open-channel flow models are the most readily
available models used for hydraulic modeling. Two-dimensional
models exist (TELEMAC-2D, HIVEL2D, and RMA2) but are rarely
used in paleoflood studies (Alho and Aaltonen, 2008). In a review of
studies that examine the sensitivity of 1 and 2-dimensional model pa-
rameters (e.g. Manning's n) and the overall accuracy of the numerical
model, results are inconclusive as to whether the added complexity of
a 2-dimensional model is worth its use (Miller and Cluer, 1998).
There is indication that 2-dimensional hydraulic models, based on fi-
nite element and finite volume numerical methods are less sensitive
to surface roughness coefficients (Miller and Cluer, 1998); therefore
it is of interest to pursue these models for Mars research given that
surface roughness is difficult to assess remotely. Recent work by
Alho and Aaltonen (2008) demonstrates that 1-dimensional
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Fig. 2. J6kulsa  Fj6llum channel study reach. The paleoflood flowed from south to north. Field observations are indicated by the cross circles. The GIS delineation of the stream (blue
line) and the left and right overbanks (red lines) assisted in quantifying the surface roughness assignments for bed and overbank areas. North is to the top of the image.
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modeling of jokulhlaup outburst floods provides generally similar re-
sults to 2-dimensional models.

3.4. Hydraulic model

Current approaches to hydraulically modeling catastrophic outburst
channels on Earth primarily use the Chézy and Manning's equations.
However, simplifying assumptions are made to the geometry of the chan-
nel and assigned values for Manning's n coefficient vary widely. We used
an approach that employs high resolution digital elevation models of the
surface to derive channel cross-sectional area, wetted width, gradient,
and the appropriate number of cross-sections that accurately represent
the channel geometry and geomorphology. To derive the channel geom-
etry we used the ArcGIS geospatial tool HEC-GeoRAS (Hydrological Engi-
neering Center Geographical River Analysis System) (Ackerman, 2005).
The reach cross-section geometry is input into the HEC-River Analysis
System (HEC-RAS) hydraulic model to iteratively estimate peak dis-
charge, mean flow velocity, power, and shear stress of the channel
reach until the field-observed trimline height is achieved. We assessed
Manning's n in the field and assigned a range of surface roughness coeffi-
cients to the channel bed and overbank areas. A more refined predictive-
method of assigning Manning's n to account for smoothing of the channel
bed and banks with increasing flow stage was not used but may be ex-
plored in future models.

3.4.1. HEC-GeoRAS

To prepare data for use in HEC-RAS, the Hydrological Engineering
Center collaborated with Environmental Systems Research Institute,
Inc. (ESRI) under a Cooperative Research and Development Agree-
ment to develop an ArcGIS extension to process geospatial data for
that purpose (Ackerman, 2005). HEC-GeoRAS is a set of ArcGIS tools
that uses digital elevation models, imagery, feature-classes, and ta-
bles to prepare channel geometry required by HEC-RAS. We created
stream centerline, bank, and flow line vectors and channel cross-
sections through manual and semi-automated steps that were then
output to a format that is directly read by HEC-RAS. HEC-GeoRAS
then reads the HEC-RAS output file for further analysis and to map in-
undation and delineate floodplains (Ackerman, 2005).

3.4.2. HEC-RAS

The U.S. Army Corps of Engineers Hydrologic Engineering Center
River Analysis System, HEC-RAS, was used exclusively for this model-
ing study. HEC-RAS was developed to perform one-dimensional
steady and unsteady flow hydraulic calculations and sediment trans-
port modeling (Brunner, 2006). Under steady flow, HEC-RAS calcu-
lates water surface profiles based on the input geometry, gradient,
and Manning's n for any number of discharge rates. Water surface
profiles referenced in the software are equivalent to trimlines, wash
limits, or peak-flow water heights. The system is capable of modeling
channel networks or a single reach, and provides modeling of subcrit-
ical, supercritical, and mixed (a computation accounting for a mixture
of subcritical, critical, and supercritical flow) flow regimes (Brunner,
2006).

HEC-RAS calculates water surface profiles of successive channel
cross-sections by solving the energy equation in a scheme called the
standard step-backwater method. Conveyance, channel velocity, and
energy loss are accounted for by Manning's equation. To use
HEC-RAS effectively for steady flow in natural channels the following
assumptions are made: 1) flow is steady, 2) flow varies gradually
through the reach, 3) flow is one-dimensional, and 4) the channel
slope is small (<10%) (Brunner, 2001).

3.5. Errors and uncertainties

Bedrock channels such as Jokulsa & Fjollum have irregular channel
boundaries, which cause energy losses due to channel geometry

expansions and contractions. These irregularities are due to erosion
and deposition along the channel reach that causes channel bed un-
dulations such as knickpoints, potholes, and longitudinal grooves
(Miller and Cluer, 1998). Errors caused by not accurately adjusting
for these irregularities may be problematic. However, sensitivity to
the expansion and contraction coefficients used is minimal unless
they are grossly over or under estimated (Miller and Cluer, 1998).
HEC-RAS allows for adjusting expansion and contraction coefficients,
but recommends using the default values of 0.1 for contraction and
0.3 for expansion for straight channel reaches, and is consistent
with the approach used here. The straight nature of the modeled
channel presents minimal variability to the model accuracy.

Errors also arise from the choice of flow regime of the steady
flow model used. Selecting subcritical, supercritical, or mixed flow
regimes for water surface modeling and the ability of the numerical
model to accurately depict the surface profile both introduce poten-
tial sources of error. In general, unless there is justification for su-
percritical or a mixed flow regime, apparent by highly irregular
channel bed or wall conditions, the subcritical flow regime should
be used. Using the subcritical flow regime does not preclude occa-
sional transition to supercritical flow. We used the subcritical flow
regime in our model to be consistent with previous work along
Jokulsa a Fjollum (Alho et al., 2005), although we did run the super-
critical and mixed flow regimes for comparison. Our results, using
the subcritical flow regime, consistently produced the best fit to
the observed water surface profiles even under fully turbulent con-
ditions (Re>4000).

The largest source of potential error in hydraulic modeling is the selec-
tion of Manning's n, the surface roughness coefficient. The literature for
selecting Manning's n is vast, and different methods of selecting coeffi-
cients produce varied results. The method used here was based on field
assessment of the channel bed, banks, and overbank roughness character-
istics using field observation experience and standard references as a
guide (Chow, 1959; Barnes, 1967; Arcement and Schneider, 1989).

Uncertainties of model results may also be due to inaccurately
mapping trimline heights. Geologic interpretation of paleoflood
peak-flow height can be difficult, but guidelines can be followed to
provide a range of peak-flow conditions. Our approach was to use a
range of trimline heights that bound our observations in the field. Un-
certainties of exact trimline heights may be due to jokulhlaup bore
and initial run-up that are above the average trimline. Additionally,
uncertainties may be introduced due to GPS and DEM vertical error
at field locations.

Assumptions of input parameters in the model also result in out-
come uncertainties. Parameter assumptions include cross-sectional
area, averaged Manning's n across or longitudinally down reach, and
averaged gradient along the reach. To minimize these errors we
used the HEC-GeoRAS tool to define the channel geometry more ac-
curately and therefore provide better geomorphic representation.
The hydraulic model uses the geometry to assess discharge, velocity,
power and shear stress at any point along the reach.

4. Results and discussion
4.1. Field evidence

The present channel reach begins as a basalt bedrock bed in the
first 3 to 4km and then becomes mostly gravel filled for the
18-19 km downstream. The channel bed is lined with basalt sand,
cobbles, and boulders. Most channel-fill material is well rounded
from fluvial transport. Boulders vary in size up to 3 m in diameter.
Boulders are imbricated, in random piles, or aligned longitudinally
or perpendicular to the flow direction, and stand alone as erratics
(Fig. 3A). The channel banks from the main channel bed to the lateral
margins of the valley floor are layered with rough pahoehoe and aa
basalt flows. Lava tubes and domes are present with deep localized
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B

Fig. 3. Jokulhlaup field evidence along Mt. HerOubreid reach. A) Basalt boulder erratic and imbricated boulder pile. Boulder is approximately 9.5 m circumference around the short
axis and 3.3 m high. B) Eastern side of Mt. Herdubreid showing boulder field beyond crest of hill. During peak flow larger material was carried over the tops of the submerged hills
and dropped from suspension upon dispersion of water where the water column depth increases. Flow direction is indicated by the white arrow. C) Exposure of hydroclastic rock
along the northeastern side of Mt. Herdubreid. The photograph illustrates evidence of fluvial erosion. Notice the undulating surface. Flow direction is indicated by the white arrow.
Light colored flowers on ground are about 3 cm for scale. D) Prominent bar feature at the northern most point of Mt. Herdubreid. Field geologists circled for scale.

collapse structures throughout. Air-fall deposits of volcanic ash and
pumice from recent eruptions of the nearby Askja lava field are evi-
dent. The channel is flanked by hyaloclastite ridges and tuyas (ex-
humed subglacial volcanoes) from subglacial fissure eruptions.

Trimlines determined by our GPS field survey range in elevation
from 495 to 670 m above mean sea level. Trimline heights were also
found for what are presumably lower discharge paleofloods at eleva-
tions between 495 and 525 m. Our modeled results suggest that the
lower trimline heights correspond generally to the peak discharge es-
timated by Alho et al. (2005). They reported a peak discharge of
9.0x10°> m>s~! for the “largest Holocene” jokulhlaup within Jokulsa
a Fjollum channel based on wash limits and observations of scoured
topography, bedrock gorges, streamlined hills, boulder fields, and
longitudinal bars (Alho et al., 2005).

Beyond these lower wash limits, our GPS field survey established
higher trimlines based on many of the same field observations as
Alho et al. (2005). At the base of Mt. Herdubreid a new lower bound-
ary trimline was observed at approximately 548 m where fluvial-
glacial erratic boulders were deposited on top of longitudinal hills
that flank the eastern side of the tuya. It is apparent that fluvial pro-
cesses deposited the well rounded erratic boulders as suspended or
wash load to this elevated position. Additionally, rocks appear to
have experienced fluvial push-up due to high velocity flow and are
piled up just before the crest of the hill. Larger boulders are found
preferentially deposited just beyond the hill's high point where the
flow lost energy and the heaviest waterborne debris fell out of sus-
pension when the water column depth increased (Fig. 3B). Mapping
the trimline around to the north of Mt. Herdubreid shows evidence
of extreme fluvial erosion along the base of the tuya where more eas-
ily erodible hydroclastics crop out (Fig. 3C). On the north flank of
Mt. Herdubreid the trimline appears to taper out at about 670 m
above mean sea level. This is evidenced by the gradual texture differ-
ence on the north-facing slope where talus gives way to lower fluvial
deposited debris in the “shadow zone” of the tuya. Also a prominent

bar feature is found at the northern most point of Mt. Herdubreid
(Fig. 3D). Our interpretation of the feature, considering that it is on
the leeward side and flood waters would have been impeded by the
tuya, is that the flood wave was probably attenuated and allowed for
suspended sediment deposition (Maizels, 1997) during this large paleo-
flood event. This bar's presence suggests that significant flow would
have come from both sides of Mt. Herdubreid.

At Ferjufjall, an undulating tear-drop shaped hill at the down-
stream end of the modeled reach, there appears to be no evidence
of an unambiguous trimline. Our interpretation is that this once
streamlined hill was apparently overrun by a large jokulhlaup. Ferjufjall
exhibits fluvial erosion creating smooth undulating topography similar
to landforms in the Channeled Scablands (Baker, 1973), and the surface
layer is overlain by rounded to sub-angular pebble, gravel, and cobble
sized rocks. Additionally, rounded and sub-angular boulders are found
at the highest point of the hill at 558 m. These boulders have also
been eroded by aeolian processes (ventifaction) indicating a long pe-
riod of immobile exposure at the surface. As observed from the hill's
apex, Ferjufjall appears to have been submerged in order for the flood-
water to sculpt the present-day topography (Bjornsson, 2009). Also, at
the furthermost downstream end of the modeled reach the hyaloclastite
ridges southeast of Modrudalur provided evidence of boulder erratics to
a height of approximately 670 m. This field evidence of a higher trimline
at Modrudalur also suggests that Ferjufjall was inundated during the
highest peak discharge.

Observed within the channel are glacial grooves and striations
that were once overlain by glacial diamictons (glacial drift from mo-
raines) (Boggs, 1995). Due to Holocene jokulhlaup outbursts progla-
cial depositional features have been mostly reworked by fluvial
processes and glacially carved bedrock surfaces have been exhumed.
Additionally, tuyas (i.e., Mt. Herdubreid) and hyaloclastite ridges cre-
ated by subglacial volcanic eruptions are exposed (Bjornsson, 2002).
In general, the floodplain landscape is barren of vegetation and the
channel overbank areas are covered by basaltic lava flows.
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Fig. 4. Field evidence of jokulhlaup outburst floods in Jokulsa & Fjéllum channel, Iceland. A) Fluting near the present channel, B) extreme channel bedrock scouring, C) boulder pile
on scoured bedrock, D) smooth undulating topography viewed from Ferjufjall at the end of modeled reach. Black arrow in D indicates Dyngjujokull glacier. Flow direction is indi-

cated by white arrows.

The field evidence represents erosional and depositional land-
forms associated with catastrophic outbursts including scoured,
grooved and fluted bedrock surfaces, remnant streamlined hills, lon-
gitudinal bars, gravel bars, longitudinal and perpendicular boulder
piles, imbricated boulders, fluvial-glacial erratics, ripples, scabland
topography, and deep canyons (Fig. 4) (Bjornsson, 2002; Waitt,
2002; Alho et al.,, 2005). These observed landforms also allow com-
parison to fluvial geomorphology observed on the Martian landscape
(Baker and Milton, 1974; Rice et al., 2002; Carling et al., 2009).

Based on previous field evidence where the highest noted trimlines at
Upptyppingar and Ferjufjall are 40 m above the channel floor (Waitt,
2002), and on prehistoric paleoflood descriptions (Saemundsson, 1973;
Alho et al., 2005; Bjornsson, 2009) these trimline elevations are consis-
tent with our field surveyed trimlines where Upptyppingar is estimated at
618 m and Ferjufjall at 558 m. This new field evidence and the cited liter-
ature of relative ages of paleofloods evidence (Saemundsson, 1973;
Waitt, 2002; Alho et al., 2005; Bjornsson, 2009) suggests a much larger
jokulhlaup paleoflood may have occurred between 9000 and 7100 BP.

4.2. Hydraulic model

HEC-GeoRAS was used to create 21 initial topographic cross-
sections over the approximately 22 km reach. The channel bed and
overbank boundaries were digitized to provide flexibility in the assign-
ment of different surface roughness coefficients (Manning's n) based on
rock and sediment size and shape (Chow, 1959; Barnes, 1967). Cross-
sections spanned approximately 31 km width to cover the hypothe-
sized lateral extents of the reach. Additional cross-sections were inter-
polated in HEC-RAS to better define the channel geomorphology,
totaling 130 for the entire reach (Brunner, 2006). The geometry was
then imported into HEC-RAS. The slope of the reach was estimated
from the DEM at 0.0016 mm ™' and was used as the model's initial
boundary conditions. The default contraction and expansion coeffi-
cients of 0.1 and 0.3 were used (Brunner, 2006). The initial Manning's
n coefficients were set to 0.065 for left and right overbank areas, and
0.035 for the channel bed based on our field assessment.

Manning's n was estimated throughout the channel bed and over-
bank areas, varying from 0.03 in the channel bed to 0.075 in the over-
bank areas (Fig. 5). Manning's n was estimated on the basis of particle

A

Fig. 5. Channel bed materials used for surface roughness estimation. A) River materials
of gravel and cobble size. B) Bedrock with erratic boulders up to 2 m across. The boul-
ders are aligned perpendicular to flow (dotted line) in this photo. Flow direction is in-
dicated by the white arrow.
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Fig. 6. Jokulsa & Fjollum channel distal overbanks. This photo shows the extreme rocky,
clinkery, and undulating surface. Two geologists for scale (1.65 and 1.86 m).

size and irregularity of the channel floor and overbank area surfaces.
Estimates of Manning's n from the channel bed varied little due to
consistent bed material composition and distribution. The small vari-
ations that exist are attributed to boulder fields and their linear align-
ments, and the scoured, grooved, and plucked basalt bedrock exposed
at the erosional sections of the channel (knickpoints, falls, and steps).
These small scale variations change the estimate of surface roughness
locally, but the average longitudinal roughness varies little and in any
case increases the channel bed coefficient to between 0.035 and 0.04.

The channel walls were extremely scoured and plucked where the
present river flows. Terraces from more recent flooding also exhibit
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rough surfaces caused by wash load scouring. The overbank areas
nearest the current channel are highly scoured and grooved (Fig. 4A
and B) from hyperconcentrated flows (flows with high percentage
sediment load) but the surface roughness is less than that of the lat-
eral margins of overbank areas. Given the evidence of the highest
trimline surveyed in this work, the overbank areas are enormous
due to the floodplain's gentle slope. Estimated Manning's n for the
overbank areas ranges from 0.05 to 0.075, based on the extremely
rocky, clinkery, and undulating topography (Fig. 6). Manning's n for
the bed and overbank areas was varied in the hydraulic model to
best agree with the observed surface roughness.

The HEC-RAS steady flow model was run for a subcritical flow re-
gime using 30 discharge rate profiles that bound the previously esti-
mated peak discharge of 9.0x10°m>s™~! (Alho et al., 2005). We
assumed steady state flow (i.e., flow discharge rate and velocity are
assumed constant in time) in that the time taken for a fluid element
to traverse the length of the modeled domain is short compared to
the expected duration of a catastrophic flood. To calibrate our
model, we used the estimated discharge rate from Alho et al. (2005)
to generate a paleoflood inundation and floodplain map. The modeled
water surface heights generally match the field surveyed lower trim-
line of approximately 524 m at Arnardalsalda (65°11'29.5” N, 16°4’
59.0” W) at the upstream end of the reach, and approximately
474 m at Ferjufjall. The inundation map we produced (Fig. 7) matches
that of Alho et al. (2005, Fig. 3) for this section of the reach. For the
modeled channel reach using the Alho et al. (2005) peak discharge
rate, mean flow velocity averaged 7 m s !, power per unit area varied
from 735 to 6747 W m~2 with a reach average of 2221 W m 2, and
shear stress varied accordingly from 164 to 704 N m 2 with a reach
average of 357 Nm™2. The Froude number for all cross-sections is
less than 1, indicating that flow remained subcritical for the modeled
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Fig. 7. Jokulsa 4 Fjollum inundation map at Qp=9.0x 10° m? s, This inundation map matches Alho et al. (2005, Fig. 3) inundation map along Mt. Herdubreid reach where lower
flow trimline evidence is observed. Local variations exist possibly due to dissimilar digital elevation model processing or Manning's n assignments.
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Fig. 8. Fluvial landscape viewed from Ferjufjall. Smooth undulating topography with
evident ripples in the background left. White arrow indicates approximate flow direc-
tion. View is to the north.

reach. Calculated Reynolds numbers show that the flow was fully tur-
bulent (Re>4000). Local variations exist possibly due to dissimilar
digital elevation model processing or Manning's n assignments. Unfortu-
nately, since Alho et al. (2005) focused on Vadalda, Upptyppingar, and
Modrudalur sections along Jokulsa & Fjéllum we are unable to directly
compare estimated hydraulics along Mt. Herdubreid reach. However,
the modeled peak discharge and the match of paleoflood inundation
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produced here corroborate their work and our new field data provide
additional hydraulic flow parameters to those already reported.

To achieve the topographically higher trimlines from our new field
evidence and supported by evidence cited in the literature (Waitt,
2002), a much larger outburst probably occurred just after deglacia-
tion between 9000 and 7100 BP (Saemundsson, 1973; Bjornsson,
2002; Waitt, 2002; Bjornsson, 2009). Unfortunately there is little dis-
cussion in the literature about the spatial extent or related discharge
rates of this larger paleoflood. Our field survey suggests evidence for
higher trimlines based on 1) boulder fields and fluvial erosion of
hydroclastic units at higher elevations, 2) inundation of Ferjufjall
and Arnardalsalda in the paleoflood's floodplain, and 3) fluvial-
glacial erratics at higher elevations than previously observed. The in-
undation map of Alho et al. (2005) shows that Ferjufjall and Arnardal-
salda were not inundated; however, Ferjufjall at the lower end of the
modeled reach shows no signs of unambiguous trimlines around the
base of the hill as their inundation map suggests. As discussed
above, our field survey at Ferjufjall suggests complete flood inunda-
tion, given the presence of approximately 1 m diameter rounded to
sub-angular boulders at the peak of the hydroclastic bedrock hill, ap-
proximately 558 m above mean sea level. Moreover, Ferjufjall and the
surrounding terrain exhibits smooth undulating topography and dis-
tinct ripples recognized in the Channeled Scablands (Fig. 8) (Bretz,
1923, 1925; Bretz et al., 1956; Baker, 1973; Baker et al., 1988; Alt,
2001; O'Connor et al., 2002; Bjornsson, 2009).

HEC-RAS model runs produced water surface profiles that also
matched the higher observed trimlines at elevations ranging between
548 and 670 m. Although we observed trimline evidence between
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Fig. 9. Mt. Herdubreid hydraulic modeling results for Qp=2.2x10” m®s~'. A) Water surface profile. This water surface profile best fits the range of field surveyed trimlines with
complete inundation of Ferjufjall. The water surface height at the upstream end is 640 m at Arnardalsalda and inundates Ferjufjall at 558 m at the downstream end of the reach.
B) Average mean flow velocity is 14.9 m s~'. C) Power and shear stress profiles. Power and shear stress are correlated to stream geomorphology by erosional and depositional
processes. The power and shear stress are highest at knickpoints and steps where erosion potential is highest. D) Froude number. The Froude number for all cross-sections is <1

indicating that flow remained subcritical for the modeled reach.
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these elevations, a conservative lowest trimline height, assuming
complete inundation of Ferjufjall at its peak elevation (558 m), was
initially used for the model. To inundate Ferjufjall the modeled sur-
face water height (Fig. 9A) requires a peak discharge of 2.2x
107 m® s~! and mean flow velocity of 149 m s ! (Fig. 9B, Table 1). The
model power per unit area and shear stress averaged 20,680 W m 2
and 1248 N m 2, respectively, along the reach (Fig. 9C). Froude numbers
for reach cross-sections remained <1, indicating subcritical flow for Mt.

Herdubreid reach (Fig. 9D). The inundation depth at Arnardalsalda at
the upstream end of the modeled reach is approximately 629 m,
which does not completely submerge the entire hill (Fig. 10). We
were unable to validate this trimline elevation due to our field season
time constraints.

The model was run subsequently to account for field evidence of the
highest trimline height at approximately 670 m above mean sea level,
which inundates Arnardalsalda almost completely and allows the

Table 1
Summary of Jékulsa a Fjéllum modeled flow hydraulics.
Model run Trimline Manning's n Peak discharge, Qp Mean velocity, v Power, ® Shear stress, 7 Hydraulic = Froude  Reynolds Notes
(WS; Elevation) LOB, Channel ROB, (m*s71) (ms™1) (Wm™2) (Nm™2) depth number  number
(m) (m) range (Re)

Jokulsé a 498 0.065 0.035 0.065 9.0E + 05 7.0 2221 357 17 0.35-0.79 1.3E+11 Alhoetal'sQp
Fjollum and lowest
channel trimline evidence

- using modeled
channel
geometry (Alho
et al,, 2005)

Mt. Herdubreid 587 0.065 0.035 0.065 2.2E+07 149 20,680 1248 70 0.32-0.76 3.5E+11 Assumed
reach Ferjufjall

inundation at
558 m
Mt. Herdubreid 627 0.065 0.035 0.065 4.5E+07 185 38,411 1936 101 0.35-0.71 4.3E+11 Used the highest
reach trimline
evidence at
670 m at Mt.
Herdubreid and
Modrudalur
1. WS is water surface average along the reach.
2. LOB and ROB are left and right overbanks used in HEC-RAS.
Note that all steady flow model runs resulted in subcritical flow (Froude numbers below 1.0) and are fully turbulent (Re>4000).
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Fig. 10. J6kulsa 4 Fjollum inundation map at Qp=2.2x10" m>s~!

and supports field surveyed trimline heights at Médrudalur and Mt. Herdubreid.
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along Mt. Herdubreid reach. This modeled inundation shows Ferjufjall submerged at the lower end of the reach
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paleoflood to flow around Mt. Herdubreid (Fig. 11). Using these upper
limits peak discharge is estimated at 4.5x10” m3s~!, with a mean
flow velocity of 18.5ms~'. The modeled power per unit area and
shear stress averaged at 38,411 W m~2 and 1936 N m 2, respectively
(Fig. 12, Table 1). It is apparent from Landsat ETM + 15 m per pixel pan-
chromatic imagery that there is a tonal contrast difference that generally
follows this larger modeled inundation boundary, however further
investigation is necessary to confirm this observation.

We must consider that many jokulhlaup outbursts would have oc-
curred since the early Holocene (Bjornsson, 2002; Waitt, 2002; Alho
et al.,, 2005); therefore the erosion rate along Jokulsa a Fjollum was
probably quite high. Country-wide, Iceland Holocene erosion rates
have varied from 5 to 70,000 cm ka~' (Ehlers and Gibbard, 2007;
Geirsdottir et al., 2007); however, a recent study suggests an average
of about 5 cm ka~! based on the shelf sediment record and glacial
sediment accumulation in Hvitarvatn (Geirsdéttir et al., 2007). Al-
though their study did not take into account extreme events such as
jokulhlaups, erosion from glacial rivers with sources from Vatnajokull
and Myrdalsjokull range from 100 to 300 cm ka™! (Geirsdéttir et al.,
2007). Currently, denudation and erosion rates remain unclear for
Jokulsa & Fj6llum channel north of Vatnajokull from the Preboreal Pe-
riod through the end of large episodic jokulhlaups occurrences in the
Early Subatlantic Period. Furthermore, although fluvial erosion rates
due to hyperconcentrated flow during jokulhlaup events are not
well understood, down-cutting relationships in bedrock channels
will help to calibrate our hydraulic model, to refine our discharge es-
timates, and to reconstruct this large jokulhlaup event (Costa, 1983;
Miller and Cluer, 1998; Tinkler and Wohl, 1998; Jansen et al., 2006).

Taken into perspective, the modeled conservative discharge of
22x107m?s™! along Mt. Herdubreid reach is larger than the
1.8x10” m® s~ ! peak discharge of the Kuray paleoflood in the Altai
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Mountains of Siberia (Baker et al., 1993; Herget, 2005), which is the
largest previously documented paleoflood on Earth. Our study pre-
sents new lines of evidence that suggests a large paleoflood occurred
through Jokulsa a Fjollum channel in Iceland, the largest known early
Holocene paleoflood on Earth.

5. Jokulsa a Fjollum jokulhlaup sources

Based on age determinations from Hekla volcanic tephra, post-
glacial jokulhlaups originating from Vatnajokull occurred during the
Holocene (between 9000 and 2000 BP) (Waitt, 2002). These jokulhlaups
are attributed to subglacial lakes associated with glaciovolcanic pro-
cesses and seasonally accumulated glacier-marginal lakes. The largest
eruptions are thought to have occurred just after deglaciation between
9000 and 7100 BP (Waitt, 2002; Bjérnsson, 2009), with peak discharges
on the order of 10° m3 s ~!. Limited field evidence for these larger floods
is cited in the literature (Saemundsson, 1973; Waitt, 2002; Alho et al.,
2005; Bjornsson, 2009) and only subsequent smaller Holocene paleo-
floods have been modeled. Jokulhlaup outburst eruptions through
Jokulsa & Fjollum originate from volcanic sources beneath the three
northern lobes of Vatnajokull glacier, Dyngjujokull, Kverkfjoll, and
Braarjokull (Alho et al., 2005; Bjornsson, 2009) (Fig. 1). Evidence sug-
gests that the largest and probably most catastrophic paleoflood
sources were from ice-filled calderas of Bardarbunga and Kverkfjoll
(Bjornsson, 2002). There are currently six major thermal sources that
contribute to glacial meltwater and the formation of subglacial
lakes beneath Vatnajokull with heat capacities indicating possible
activity during the Preboreal Period. Another probable water source
is from marginal lakes that also formed at the end of the Younger
Dryas when glacial retreat re-accelerated and these lakes filled at
the boundaries of Vatnajokull. We suggest that in order to produce
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along Mt. Herdubreid reach. This model inundation map supports the upper limits of the field surveyed trimline
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Fig. 12. Hydraulic results at Qp=4.5x 10" m®> s~' along Mt. Herdubreid reach. A) Represents the water surface profile, B) represents the mean flow velocity with an average of
18.5m s~ !, C) represents the power per unit area and shear stress, averaged 38,411 W m~2 and 1936 N m~2, respectively, and D) represents the Froude number along the paleo-

flood path.

the volumes of water required to create enormous jokulhlaups along
Jokulsa a Fjollum, a combination of these sources was necessary. Ev-
idence suggests that during the Preboreal Period westward volcanic
migration occurred beneath Bardarbunga and Kverkfjéll (Fig. 1)
(Geirsdottir et al., 2007) while large subglacial lakes formed due to
the relatively thick ice-cap overburden. These sources in combina-
tion with marginal lakes produced enough water volume for massive
jokulhlaups.

6. Applicability to Mars fluvial processes

Similarities between Earth and Mars outflow channels were identi-
fied in the early 1970s (Baker and Milton, 1974) and have been actively
compared since then (Masursky et al., 1977; Carr, 1979; Komar, 1979;
Malin and Eppler, 1981; Rotto and Tanaka, 1991; Rice and Edgett,
1997; Anguita et al., 2000; Malin and Edgett, 2000; Williams et al,
2000; Carling et al., 2003; Burr et al., 2004; Manga, 2004; Coleman,
2005; Gupta et al., 2005; Baker, 2009; Carling et al., 2009). The primary
difference is that Mars' fluvial features are generally much larger than
those on Earth. Additionally, to apply our hydraulic model to Mars we
would have to take into account the difference in gravitational acceler-
ation and its effect on Manning's n, and the specific weight of water. Ac-
cordingly, we altered the HEC-RAS software code and successfully
applied this model to Aram Chaos channel on Mars (Howard, 2008).
Jokulsé a Fjollum presents an Earth analog site that resembles Martian
fluvial geomorphology and representative hydraulic output (Howard,
2008, 2010 unpublished data). For comparison, Jokulsa a Fjéllum creat-
ed similar peak discharges and power per unit area to Mangala Valles
(Komar, 1979), Kasei Valles (Williams et al., 2000) and reaches of Ares
Vallis. Additionally, fluvial geomorphological features were previously

studied within J6kulsa & Fj6llum such as antidunes and transverse ribs
south of Moédrudalur for comparison with Mars (Rice et al., 2002). It is
apparent from the hydraulics and fluvial geomorphology presented
here that J6kulsa a Fj6llum is a promising Earth analog for Mars fluvial
processes.

7. Conclusions

We hydraulically modeled Mt. Herdubreid reach along the J6kulsa
a Fjollum channel and collected field evidence to provide input to the
model and to verify the model's results. Our results support the fol-
lowing conclusions.

1. Our field survey suggests new evidence for higher trimlines based
on a) boulder fields and fluvial erosion of hydroclastic units at
higher elevations, b) inundation of Ferjufjall and Arnardalsalda in
the paleoflood's floodplain, and c) fluvial-glacial erratics at higher
elevations than previously observed.

2. Our hydraulic modeling results correlate well with previous peak
discharge estimates and floodplain inundation maps, providing
good calibration of our model.

3. The hydraulic modeling results, using new field evidence that Fer-
jufjall was completely inundated, give a conservative estimated
peak discharge of 2.2x10” m3s~!, with a mean flow velocity of
14.9 ms~'. Estimated power per unit area and shear stress aver-
aged 20,680 W m~—2 and 1248 N m 2, respectively.

4. Hydraulic modeling results for the highest trimline field evidence at
Mt. Herdubreid and Modrudalur estimated an upper limit peak dis-
charge of 4.5x10” m? s~!, with a mean flow velocity of 18.5 m s~
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5. One dimensional hydraulic modeling is probably sufficient for esti-
mating such large catastrophic outbursts; however, future work
will entail using rock-size to stream power and flow depth
methods to validate our results.

6. Erosion and denudation rates along the channel are not well un-
derstood and may have an impact on our reconstructed hydraulic
parameters. However, to assume and use current channel-bed
elevation as base-level in the model is consistent with other
paleoflood studies. Our intent is to incorporate temporal erosion
rates into future runs of our model.

7. The fluvial geomorphology and hydraulic results are comparable to
Mars outflow channels and Jokulsa & Fjollum is a representative
Earth analog.

8. Our study presents new lines of evidence that suggest a large
paleoflood occurred through Jokulsa a Fjollum channel in Iceland,
probably the largest known early Holocene paleoflood on Earth.

Our intent is to continue this field work in and beyond the Mt.
Herdubreid reach to support our new lines of evidence, further validate
our discharge estimates using methods such as boulder size to unit
stream power calculations (Costa, 1983), and to apply cosmogenic nu-
clide age-dating techniques to date this and sequential jokulhlaups.
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