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Abstract — The glaciotectonic architecture and structural evolution of a fine-grained end moraine formed by
the 1890 glacier surge of Briarjokull is described from four excavated cross-sections. The end moraine ridge
is a morphological expression of a marginal sedimentary wedge formed during the last days of the surge. The
actual end-moraine ridge was formed on the last day of the 1890 surge when the glacier became coupled to
the bed and ploughed into the reverse slope of the marginal sediment wedge. Ductile deformation, favoured
by high porewater pressure, dominated the construction of the end moraine while brittle deformation was
induced when porewater pressure decreased, particularly at the end of the surge. Thus, the deformation was
polyphase, developing from open folding to multiple overfolding when porewater pressure was high and finally
to overthrusting, faulting and shearing at the very end of the surge when porewater pressure dropped severely
upon porewater blow-out in front of the moraine. This structural continuum is exhibited by the four cross-
sections. The glaciotectonic stress was absorbed within a relatively narrow zone due to high friction along
a basal décollement. A new model illustrates the structural evolution of a fine-grained, fold-dominated end

moraine and may serve as an analogue to similar end moraines in modern and Pleistocene environments.

INTRODUCTION

Glaciotectonic end moraines signify the process of
proglacial and submarginal sediment deformation.
Thus, the analysis and interpretation of structural fea-
tures (e.g. folds, faults, shear zones, tectonic fabrics)
within them provide important information on influ-
encing factors in the subglacial and ice-marginal en-
vironments, and on the thermal and hydrological con-
ditions of the foreland wedge which is deformed to
produce the end moraine (e.g. Croot, 1988; van der
Wateren, 1995; Boulton et al., 1999; Bennett, 2001;
McCarrol and Rijsdijk, 2003; Pedersen, 2005; Aber
and Ber, 2007; Phillips et al., 2008; Benediktsson,
2010; Benn and Evans, 2010; Brandes and Le Heron,
2010; Phillips et al., 2011). A number of studies have
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analysed complex glaciotectonic sequences in Pleis-
tocene (e.g. Thomas, 1984; van der Wateren, 1987,
1995; Pedersen, 2005; Aber and Ber, 2007; Phillips
and Merritt, 2008; Parkes et al., 2009; Weaver and Ar-
naud, 2010) and modern (e.g. Humlum, 1985; Croot,
1987; Kriiger, 1994; Hambrey and Huddart, 1995;
Boulton et al., 1999; Huddart and Hambrey, 1996;
Kriiger et al., 2002, 2010; Motyka and Echelmeyer,
2003; Bennett et al., 2004; Kuriger et al., 2006; Bene-
diktsson et al., 2008, 2009, 2010; Roberts et al., 2009)
glacial environments in order to elucidate the tec-
tonic development and the glacier-induced processes
and stresses involved. This paper contributes a case
study to this growing literature based on a fine-grained
glaciotectonic end moraine formed by the 1890 surge
of Bruarjokull, Iceland. Benediktsson e al. (2008)
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described the sediment distribution in the marginal
zone of the 1890 surge and the architecture and sed-
imentary composition of the end moraine, and con-
cluded that the moraine was an inseparable part of a
marginal sedimentary wedge that was formed during
the last few days of the surge. Despite their detailed
descriptions, the structural evolution of the actual end-
moraine ridge remains to be described. The aim of
this paper is therefore to describe the glaciotectonic
architecture and the structural evolution of the 1890
end moraine where it consists of fine-grained sedi-
ments in Kringilsarrani in the central forefield of Bru-
arjokull (Figure 1), and thereby linking the moraine
directly into the ice-marginal landsystem presented by
Benediktsson et al. (2008).

SETTING

Briarjokull is a surge-type outlet of the northern
Vatnajokull ice cap in Iceland (Figure 1). It descends
from c. 1500 to 600 m a.s.l. and terminates with an
approximately 55 km long ice margin (Bjornsson et
al., 1998). Historical surges occurred in 1625, ~1730,
17757, 1810, 1890, and 1963-64, giving a surge cycle
of 80-100 years, whereof the active surge phase dura-
tion is only about 3 months (Eythorsson, 1963, 1964;
Thorarinsson, 1964, 1969; Bjornsson et al., 2003).
During the last two surges, the glacier advanced 10
and 9 km, respectively, in Kringilsarrani in the cen-
tral glacier forefield, with maximum ice-flow veloci-
ties of at least 120 m/day (Kjerulf, 1962; Thorarins-
son, 1964, 1969; Gudmundsson et al., 1996). During
the surges in 1810 and 1890, Bruarjokull advanced
further than during previous surge cycles overriding
and deforming a sediment sequence of loess, peat
and tephra (Benediktsson et al., 2008). The area of
Kringilsarrani, in which the central forefield occurs, is
a triangular area bounded by the glacier to the south,
and the glacial rivers Jokulsd 4 Dal and Kringilsa to
the east and west, respectively (Figure 1).

The Bruarjokull forefield is glacially streamlined
with a 6-7 m thick sediment sequence overlying
basaltic bedrock. The most prominent landforms
of the forefield are end-moraine ridges, ice-cored
landforms and ice-free hummocky moraine, crevasse-
fill ridges, eskers, concertina eskers, and flutings
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(Evans and Rea, 1999, 2003; Kjer et al, 20006,
2008; Schomacker et al., 2006; Evans et al., 2007;
Schomacker and Kjar, 2007; Benediktsson et al.,
2008, 2009) (Figure 1). At present, there is negligible
ice movement in the marginal 1-2 km of Braarjokull
and the snout is rapidly retreating and downwasting
(Kjeer et al., 2008).

METHODS

The sedimentology and glaciotectonic architecture of
the 1890 end moraine in Kringilsarrani were investi-
gated in four natural cross-sections that were cleaned
and enlarged by hand. Sediment lithologies and struc-
tures were documented on the basis of the data chart
by Kriiger and Kjar (1999) and deformation struc-
tures were described according to the terminology of
Twiss and Moores (1992) and Evans and Benn (2004).
The glaciotectonic architecture was mapped at a scale
of 1:20 and structural elements, such as strike and dip
of primary bedding and fault planes and plunge and
direction of fold axes, were plotted and statistically
analysed in a Schmidt equal-area net with the Spheri-
Stat 2.2 software.

Line and area balancing were applied to the four
cross-sections to calculate the horizontal shortening
of the sedimentary strata and the depth to the dé-
collement plane (Marshak and Mitra, 1988; Bene-
diktsson et al., 2010). By tracing tephra marker hori-
zons through the sections and measuring the horizon-
tal (shortening) distance which they occupy, the dif-
ference (AL) between their length in the undeformed
(L) and deformed (L, ) states could be determined.
Then the total shortening is described as: s = Ly—L,,
/ L,. By calculating the total area of the deformed
section (A), the décollement depth can be estimated
by: h = A/ AL. Then it is assumed that the area of
the body subjected to stress remained constant before
(Au) and after (Ad) deformation. The tephra marker
horizons were visually traced through each section on
the basis of their general appearance and properties
(particularly grain size and colour) and stratigraphi-
cal position. It should be noted that tracing the tephra
markers through the sections often requires inferences
as to where and how different marker segments con-
nect. The inferences made are conservative and there-
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Structural evolution of the 1890 Briiarjokull end moraine
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Figure 1. A) The location of Braarjokull at the northern margin of the Vatnajokull ice cap in Iceland. B) Digital
elevation model of the central forefield of Briarjokull in Kringilsarrani. Points S-0 to S-3 indicate excavated
cross-sections in the 1890 end moraine. The area is approximately 8 km across. UTM coordinates are in metres.
— A) Kort af rannséknasveedinu vid spord Briarjokuls. B) Heedarlikan af framlandi Briarjokuls i Kringilsdr-
rana. Punktar §-0 — S-3 tdkna pversnid sem kortlogd voru i jokulgardinum frd framhlaupinu 1890. Jokulgardar
framhlaupanna 1810 og 1964 eru einnig merktir. Sveedid er um 8 km i pvermdl. UTM hnit eru { metrum.

fore, the numbers obtained on the horizontal shorten-
ing and décollement depth can be regarded as mini-
mum and maximum numbers, respectively.

THE 1890 END MORAINE AS A PART
OF A DUAL MARGINAL LANDFORM
During the 1890 surge, the ice was coupled to the
overall fine-grained bed, as evident from strong clast

fabric in flutes and significant subglacial deformation
(Kjer et al., 2006). Overpressurized porewater in the
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substrate lowered the effective pressure and favoured
decoupling at the substrate-bedrock interface, as in-
dicated by laminated dewatering structures that drape
the bedrock surface but unconformably truncate the
overlying layers of the substrate (Kjer et al., 2006).
Due to the decoupling, the substrate was dislocated
downglacier, resulting in high sediment influx to the
marginal zone. During the downglacier transport,
the subglacial sequence was deformed compressively
through multiple folding. To accommodate the sed-
iment surplus in the marginal zone, a ~500 m long
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sediment wedge, in which the sediment thickness in-
creases from 1-3 m at the upglacier end to >7 m at
the end moraine crest, was formed (Benediktsson et
al., 2008; Figure 2). By comparing the length of the
wedge and observed ice-flow velocities (~120 m-day)
from the 1963-64 surge of Braarjokull, Benediktsson
et al. (2008) deduced that the wedge was formed in
about five days. Moreover, they claimed that the 1890
end moraine formed on the distal top of the wedge
during the last day of the surge, approximately, in re-
sponse to a drop in submarginal porewater pressures
following blow-out of overpressurized water in front
of the glacier. Thus, the sediment wedge and the end
moraine form a dual, inseparable marginal end prod-
uct of the 1890 surge (Figure 2). A detailed descrip-
tion of the structural evolution of the end-moraine
ridge has not been given before and follows below.

GEOMORPHOLOGY, SEDIMENTO-
LOGY AND INTERNAL ARCHITEC-
TURE OF THE 1890 END MORAINE

Apart from low and narrow dump moraines in areas
of elevated bedrock and thin sediment cover, the 1890
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end moraine in Kringilsarrani is 5-20 m high and 40-
80 m wide and most prominent in topographic de-
pressions where the sediment cover is thick (Figure
1). Usually, the foreslope is steep and the backs-
lope gentle with ice-free hummocky moraine. Active
downwasting of buried ice is rare where the moraine
consists of fine-grained sediments (Schomacker and
Kjer, 2007; Benediktsson et al., 2008). The internal
sedimentary composition and architecture of the 1890
end moraine was studied in four cross-sections. Five
sediment facies were identified; F1 diamict, F2 gravel,
F3 interbedded sand and silt, F4 deformed LPT, and
F5 tephra. F4 and F5 are most dominant and occur in
all sections while F1, F2, and F3 were found in two
sections. Descriptions and interpretations of the sed-
iment facies follow in Table 1. Three of the sections
(1-3) were described by Benediktsson et al., 2008 but
are now revised. Two new sections are added and de-
scribed for the first time; section 0 and sub-section 2a.

Section 0

Section 0 is located in the central part of the 1890
end moraine in Kringilsarrani (Figure 1) along a small
stream running on bedrock. This stream occupies a

1890 end moraine

Blow-outs Palsas

Near-impermeable bedrock

Water escape structures/tunnels

O Increased folding and attenuation

Original sediment thickness
B ¢

Figure 2. Conceptual model illustrating the formation of the marginal sediment wedge with the actual end-
moraine ridge on the distal top. See text for details. Modified from Benediktsson et al., 2008. — Likan sem
synir myndun setfleygs undir spordi Briiarjokuls d sidustu dogum framhlaupsins 1890. Sjdlfur jokulgardurinn

myndadist d toppi fleygsins d sidasta degi framhlaupsins.
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Structural evolution of the 1890 Briiarjokull end moraine

Table 1. Sedimentary facies identified in the 1890 end moraine in Kringilsarrani. — Setdsyndir i jokulgardinum
fra 1890 i Kringilsdrrana.

Facies  Location and description Interpretation References
F1 Section 1 Till -
—up to 60 cm thick but discontinuous massive, — pre-surge till of unknown age, deposited at the ?’1% Ttgglg". g983? Kr(;lgEer dnd20] 0
silty-sandy to sandy, matrix- supported, clast-rich, interface between the ice and an under- lying & > benn and Lvans, :
friable diamict. Contact to underlying facies 2 is sandur surface (facies 2). Clasts from the sandur
sharp and possibly erosional. Clasts are <10 cm were incorporated into the diamict in a
with similar shapes as in underlying facies 2 and deforming-bed.
rare or non-preferred striae orientation. The
diamict interfingers with facies 4.
F2 Section 1 Sandur .
— massive, clast-supported gravel, with pebbles of — deposited prior to the 1890 surge during Iz\/éailéels’ 1993; Benn and Evans,
3-8 cm although outsized pebbles of 15-20 cm moderate meltwater discharge. Represents a :
occur. Clasts are sub-rounded to rounded, low-lying terrace formed during a down-cutting of
elongated in shape and often imbricated. the Kringilsd river. Genesis is evident from the
surface morphology of sandur terraces around the
section.
F3 Sect'lon 2 . Shallow pond or stream sediments French, 1996; Maizels, 2002.
— faintly stratified, dark-brown, dark-gray and . . . .
. — resemble sediments found in channels and
ligh-brown layers of fine to coarse sand, . X
. . . . ) circular lakes (collapsed palsas) proximal and
interbedded with thin (1-10 mm) silty layers of . X p .
facies 4 and containing some oreanic matter distal to section 2, respectively, where organic
L & son sanic matter is abundant.
(which is often rusty and give yellowish hue).
Contacts to facies 4 are sharp, erosive and defined
by normal faults on distal side.
F4 Sections 04 Loess-peat-tephra sequence (LPT) .
— 0.1-2 cm thick clay, silt and fine-sand laminae of ~ — cohesive sequence of loess, peat and tephra. Peat Brady and Weil, 1999.
yellowish to orange and red-brown peat and formed from the submergence of vegetated terrain
light-brown to dark-brown loess interbedded with (mosses and grasses) during loess aggradation.
tephra. Laminae thickness and strength varies The vertical accretion of loess and peat was
greatly within different tectonic regimes. The frequently interrupted by depostion of tephra. The
facies constituents are totally mixed in places. sequence was formed prior to the 1890 surge.
Contacts between laminae are usually sharp but
may be gradational.
F5 Sections 04

— generally 0.5-3 cm thick layers of black basaltic
and white to yellowish rhyolithic tephra with <2
mm angular grains. Thickness varies grately and is
the most (<10 cm) in association with folds. The
tephra either occurs in continuous or
discontinuous layers, or as pathces or lenses,
particularly within facies 4.

Tephra

— primary air-fallen (not redeposited), transported
by wind from various Icelandic volcanoes. White
tephra marker is from Orzfajokull AD1362.

minor meltwater outlet of the 1890 surge (Figure 3).
In this area, the 1890 end moraine is generally 70 m
wide and 10 m high with a steep frontal slope and a
hummocky backslope. However, the particular ridge
segment in which section 0 occurs is 15-20 m wide
and approximately 5 m high. Section 0 is 3 m wide
and 2.7 m high and covers the core of the ridge but
is orientated at a 45° angle to the ridge strike (Figure
3). Two sediment facies were identified in the sec-
tion: deformed LPT (F4) and tephra (F5) (Table 1).
The section is described from bottom up.
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The base of the section, i.e. the lowermost ~80
cm, is characterized by sub-horizontal, continuous
tephra layers and LPT beds which develop upwards
into discontinuous lenses and patches as they ap-
proach the core of a north-verging recumbent syn-
cline. This is signified by the white Orafajokull AD
1362 tephra marker. The core of the fold contains oc-
casional tectonic foliation. The upper limb of this syn-
cline forms the lower limb of a north-verging recum-
bent anticline, as revealed by the LPT beds and tephra
layers which are overall thin on the limbs but thicken
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Figure 3. Section 0. A) Photograph of the section. B) Drawing of the section. Structural data to the right. Ice
flow from left to right. V; denotes the principal eigenvector, S; is the eigenvalue (strength between 0 and 1)
of that vector, and n number of measurements. — A) Ljosmynd af snidi 0 og B) teikning af snidinu. Grafio til
heegri synir privida legu setlaga og misgengja. V1 tdaknar medalstefnu og halla, S| tdknar tolfredilegan styrk
reiknadra medaltala og n tdknar fjolda meelinga. Prystingur jokuls frd vinstri til heegri.

considerably in the hinge zone of the fold. The up-
per part of the section is dominated by sub-horizontal
layers that form the upper limb of the north-verging
anticline (Figure 3).
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By tracing the LPT beds and tephra layers through
the section, and in particular, the white Orzfajokull
AD 1362 tephra marker, it is possible to reconstruct
a large, recumbent, north-verging anticline-syncline
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Structural evolution of the 1890 Briiarjokull end moraine

pair, which has a general plunge to the east (Figure 3).
Patches of the Orzfajokull AD 1362 tephra near the
surface can possibly be connected to the same tephra
layer approximately 0.5 m below via another proximal
recumbent syncline. Balancing of the section, with
fold hinges inferred, shows that the minimum hori-
zontal shortening is 6 m or 67%, and that the décolle-
ment surface lies at 1 m depth, which coincides with
the bedrock surface at the base of the section. The
strike and dip of the principal plane (89°/14°N) con-
firm that stresses were induced from the south (Figure
3). This particular segment of the 1890 end moraine
indicates that the glacier coupled to the foreland at
least a few metres upglacier from its terminal position
and deformed the foreland strata into an open fold that
subsequently overturned.

Section 1

Section 1 is located along one of the major meltwa-
ter outlets of the 1890 surge (Figure 1), now occupied
by the Kringilsd River. The moraine ridge is 20-25 m
wide here and 1.5-2.5 m high and symmetric in shape
(Figure 4). Section 1 is orientated approximately per-
pendicular to the moraine strike. Four sediment facies
were identified: diamict (F1), gravel (F2), LPT (F4),
tephra (F5) (Table 1). A sub-horizontal gravel bed
(F2) underlies the entire section and forms a décolle-
ment. Above this bed, the sediments are deformed.
Based on the style and magnitude of glaciotectonic
deformation, the facies architecture can be divided in
three parts: (i) the proximal part (0-3 m), (ii) the cen-
tral part (3—15 m), and (iii) the distal part (15-22 m).

Proximal part, 0-3 m.

The proximal part is characterized by deformed
pre-surge diamict which interfingers with LPT, in par-
ticular. The LPT includes boudinaged and small-scale
folded sand, indicative of both tensile and compres-
sive stresses, but is otherwise crudely bedded and
contains few sedimentary and deformation structures,
mainly due to destruction by roots in the upper levels
(Figure 4).

Central part, 3—15 m.

This part of the section reveals the heaviest glacio-
tectonic deformation in the end moraine. The moraine
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is characterized by shear zones, frequent small scale
folds, and foliation (Figure 4). A number of recum-
bent and inclined folds exist in the lower core. For
example, just above the gravel bed at 3-5 m there are
small overturned and recumbent folds with axial dips
to north and south and vergence to west and south-
west, respectively, indicating principal stress applica-
tion from easterly directions (Figure 4D). In many
places of the lower central part, but particularly at
10—-13 m, the different sediment facies have been ho-
mogenised by continuous deformation (van der Wa-
teren 1995) and therefore contain no sedimentary or
deformation structures. A shear zone occurs above
the lower central part and is typified by non-periodic
asymmetric box folds verging north, and attenuated
sheath folds verging west (Figure 4C). This shear zone
marks the lower boundary of an anticline-syncline
pair that overrode the lower part. The anticline-
syncline pair is asymmetric in the sense that the an-
ticline is considerably wider than the syncline. Mea-
surements on the syncline show that the proximal and
distal limbs dip steeply towards north-west and south-
west indicating that the syncline closes towards west.
The dip of the sedimentary beds of the anticline could
not be measured due to poor accessibility.

Distal part, 15-22 m.

This part of the section is dominated by deformed
pre-surge diamict (F1) in the lower part but sand and
silt (F3), LPT (F4), and tephra (F5) in the upper part.
The diamict interfingers with the other sediment fa-
cies but attenuates in the distal extremity of the sec-
tion. Above the diamict, there are minor overturned
folds at 14-16 m and thrusts at 17 m which indi-
cate that there is an overturned anticline that has been
thrust up in front of the syncline (Figure 4). Appar-
ently, the hinge of this anticline has been either trun-
cated by syn-tectonic slope failure or eroded by syn-
or post-tectonic meltwater. Soil and roots at the sur-
face prevented this to be further determined. Distal
to the minor thrusts there is open folding of LPT and
gravel that fades out and merges imperceptibly with
the undeformed sandur in the foreland (Figure 4).

The deformation in section 1 can be divided in
three phases. It commenced with folding and, to a
lesser extent, thrusting, of the foreland strata in front
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Figure 4. Section 1. A) Detailed drawing of the section with structural data. B) Photograph of the section. C)
Tectonically foliated sheath folds in the section core. D) Recumbent folds in the proximal part of the core. Ice
flow from right to left. — A) Teikning af snidi 1. Grofin syna privida legu setlaga, misgengja og fellingadsa
i snidinu, sjd skyringar vid 3. mynd. B) Ljosmynd af snidi 1. C) Hringlaga slioursfellingar og D) liggjandi
fellingar i kjarna gardsins. Prystingur jokuls frd heegri til vinstri.

of the advancing ice. As the pressure from the glacier
increased, the uppermost strata sheared over the strata
below to form the asymmetric box and sheath folds
and the anticline-syncline pair, which constitutes the
ridge form of the end moraine. Simultaneously, the
lower part below the shear zone deformed further
and became largely homogenised, and a new anti-
cline formed in front of the syncline. Subsequently,
this new anticline overturned and thrust over slightly
folded strata in the distal part before the deformation
ceased.

The upwards decrease in strain in the central part
of the section is consistent with variable amounts of
horizontal shortening. While the layers of the asym-
metric box folds in the shear zone below the anticline
have been shortened by 46%, the upper strata form-
ing the anticlines and synclines have been shortened
by 23%. If the depth to the basal décollement is cal-
culated on the basis of these numbers, the depth to
the basal décollement would be 5-9 m. These num-
bers do not correspond to the surface of the gravel
body at the base of the section and indicate a some-
what deeper deformation at this site than previously
suggested (Benediktsson et al., 2008) and that the
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gravel body was indeed incorporated in the deforma-
tion. The large differences in horizontal shortening
within the section reflect contrasting strain accom-
modation within the sediment pile, likely indicating
polyphase deformation of the foreland. The structural
data within section 1 show that fold axes are dispersed
and barely reliable indicators of the direction of stress,
while LPT beds and faults strongly suggest stress ap-
plication from the south, as expected (Figure 4).

Sections 2a and 2b

Sections 2a and 2b are located in the eastern part of
the central forefield in Kringilsarrani (Figure 1) in a
wind eroded trench that exposes the central part of the
end moraine. Three sediment facies were recognized
in the sections; interbedded sand and silt (F3), LPT
(F4), and tephra (F5) (Table 1). Section 2a has not
been described before and gives an insight into the ar-
chitecture of the backslope of the end moraine and the
glaciotectonic processes operating beneath or just in
front of the ice margin. Section 2b, which covers the
proximal to distal core of the moraine, was previously
described by Benediktsson et al. (2008). Their de-
scriptions are slightly revised here. The end moraine
is up to 10 m high and 50 m wide at this site.
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Structural evolution of the 1890 Briiarjokull end moraine

Section 2a, the backslope.

This section is almost 3 m high and 12 m wide
and covers the backslope of the moraine at this site
(Figure 5). It is situated opposite to section 2b in the
abovementioned trench that penetrates the moraine.
A prominent listric thrust fault characterizes this sec-
tion and cross-cuts folded layers. The layers of the
hanging wall, outlined by 3—4 prominent tephra mark-
ers, dip 14-40° towards the south. Several small-
scale inclined and recumbent overturned folds with
vergence to the north occur immediately above the
thrust and occasional boudinage structures are also
found in the tephra layers. Higher with the section,
the deformation is less, as exemplified by the con-
tinuous and undisturbed white Orzfajokull AD 1362
tephra marker horizon near the surface. At ca. 3-8
m in the footwall of a thrust fault, the deformation is
similar to that of the lower part of the hanging wall
with small scale folds. A thick layer of black tephra
is observed in the footwall near the surface at 67 m.
Most likely, this tephra layer correlates with the black
tephra layers in the hanging wall, thereby giving a dis-

placement along the thrust fault of ca. 1 m. At 5-8
m in the footwall of the thrust, a linear structure was
observed which could possibly indicate another thrust
fault. However, this is difficult to determine due to
indistinct bedding in this area of the section and the
thrust’s unexposed footwall. At around 10 m, boudins
in the white Orzfajokull AD 1362 tephra marker and
LPT bedding indicate a synclinal structure, which po-
tentially relates to an overturned fold that connects to
the footwall of the aforementioned prominent thrust
fault (Figure 5).

Section 2b, the proximal part, 0—11 m.

The upper part is characterized by slightly de-
formed LPT and tephra layers forming the hanging
wall of a low-angle normal fault at ca. 2-6 m (Fig-
ure 6). The footwall of this normal fault is dominated
by compressive deformation as indicated by small-
scale open, inclined, and recumbent folds and back-
thrusts. Normal faults also occur and relate either
to the shearing of the upper strata across the lower
part, or to settling when compression ceased. Two
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prominent thrust faults dipping 27-35° W were ob-
served at 6-9 m. Fault-propagation folds occur along
these thrusts, indicating flexural bending of the layers
in advance of the actual rupture and development of
the fault planes. At 9—11 m, small-scale overturned
folds (ductile thrusts) can be observed in the upper
part. Small-scale backthrusts, particularly in the white
Orzfajokull AD 1362 tephra marker, are associated
with the overturned folds and probably indicate an ob-
struction in front that interrupted the folding (Figure
6). Structural data show preferred dip of fault planes
to the north, indicating that most of the faults observed
in this part of the section are normal faults and back-
thrusts.

176

Section 2b, the central part, 11-16 m.

The central part consists of a fault zone in in-
terbedded sand and silt (Figure 6). The sand and silt
beds outline an inclined, east-verging anticline be-
tween 14 and 15 m. The upper and lower limbs of
this anticline have been cross-cut by several small-
scale thrust faults, most of which are low-angle thrust
faults dipping towards the south-west to south-east.
Steeply dipping backthrusts also occur, particularly at
12-13 m in the lower part and around 15 m in the up-
per part, cross-cutting folded layers of the interbedded
sand and silt. Measurements of the faults in this part
of the section show southward dip of the faults and
strongly indicate pressure from the south.
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Section 2b, the distal part, 16-23 m.

This part of the section is dominated by an asym-
metric north-verging fold. This is indicated by anti-
clinal and synclinal structures observed on the surface
by the section foot (Figure 6). The hinge of the anti-
cline is visible in the section at around 16 m. At 16-17
m, near-vertical layers of LPT, sand, and tephra con-
stitute the distal limb of the anticline and the proximal
limb of the syncline in front, the hinge zone of which
is buried. At 20-23 m, the section is characterized by
gently dipping layers of LPT, sand, and tephra, indi-
cating the distal limb of the syncline. Repetition of
tephra layers at 22-23 m indicates an overturned fold,
the hinge of which can be inferred (Figure 6). The
east-west orientation and westward plunge of the fold
axes at 16—17 m indicates stress application from the
south.

Section 2 shows 3—4 separate phases of deforma-
tion. Initially, compressive deformation took place
producing small-scale folds which are visible in the
lower proximal part of the section. Continued pres-
sure from the ice forced the shearing of the upper
strata across the lower part to form an open anticline.
The shearing is implied by normal faults in the prox-
imal part. Simultaneously, a syncline formed in front
of this anticline and a second, overturned anticline in
the distal part. The final deformation phase included
thrust faulting within the proximal open anticline.

Line balancing of the tephra marker horizons
reveals different amounts of horizontal shortening
through the section and gives minimum numbers for
it. While layers in the upper part of the proximal core
(at ca. 2-11 m) have been shortened by about 9%, the
layers in the distal core have been shortened by 30%.
By ignoring the interbedded sand and silt at 11-16 m
and inferring the hinges of the syncline at 17-20 m
and the overturned fold at ca. 23 m, the minimum hor-
izontal shortening in the entire section is calculated as
20%. Calculations of the décollement depth require
data on the cross-section area. Due to wind erosion,
however, the section outline does not reflect an ideal
cross-section through the moraine ridge, and thus it
was not deemed relevant to calculate the section area
and the depth to the décollement at this site.
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Section 3

Section 3 is situated in the easternmost part of the
central forefield in Kringilsarrani (Figure 1), along
an abandoned minor meltwater outlet channel of the
1890 surge. The end moraine is up to 15 m high and
30-50 m wide at this site, but is considerably higher
and wider further to the east and lower and narrower to
the west. The proximal slope is hummocky and steep
while the distal slope is smooth and gentle. In front
of the moraine at this site, the terrain is dominated by
circular rim ridges, indicating collapsed palsas, and
abruptly emerging channels that represent blow-out
of overpressurized water at the end of the 1890 surge
(Kjer et al., 2006; Benediktsson et al., 2008). Section
3 covers the core and the distal slope of the moraine
(Figure 7). The proximal part and the backslope are
not exposed.

Three sediment facies were identified in section 3:
interbedded sand and silt (F3), LPT (F4), and tephra
(F5) (Table 1). The section is characterized by pri-
mary multiple folding and secondary faulting. The
section is divided in three parts: (i) a section that sub-
parallels the moraine ridge (0-2 m), (ii) the core (0-9
m), and (iii) the distal slope (9-12.7 m).

Section sub-paralleling the moraine ridge, -0-2 m.

In this section, inclined folds are observed in
LPT beds and the white Orzfajokull AD 1362 tephra
marker. Repetition of the tephra marker probably in-
dicates the limbs of multiple folds, the hinge zones
of which can be identified in the central part of sec-
tion 3. The limbs of the folds dip towards the aban-
doned channel at the foot of the section and are fre-
quently sheared by both low- and high-angle faults,
two of which are normal faults that indicate syn-
tectonic slope failure during the moraine-ridge forma-
tion. A high-angle thrust fault in the upper part, dip-
ping 46° SE, correlates with a thrust fault in the upper
proximal part of the main section (Figure 7).

The central part, 0-9 m.

The central part of section 3 reveals the most in-
tense deformation with multiple folding and prevalent
faulting (Figure 7). The faulting is most intense be-
tween 0 and 4 m with both high-angle and low-angle
normal and thrust faults. This is exemplified by e.g.
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a few high-angle normal faults at 1-3 m that dip 80-
85° S, a high-angle backthrust at ~7 m dipping 75°
NE, and a number of low-angle normal faults, partic-
ularly in the lower part (below 3 m) (Figure 7). The
most prominent structures in the central part are large
north verging, overturned polyclinal folds at 0-2 m
with upglacier dipping axial planes. The white Orafa-
jokull AD 1362 tephra marker, LPT beds, and tephra
layers outline the fold axis which plunges 8° W. The
abovementioned high-angle normal faults cross-cut
the folds as do thrust faults in the upper part that corre-
late with the thrusts described from the section at 0-2
m (Figure 7). At ca. 1 m, the white tephra outlines an-
other prominent fold but its limbs are not easily iden-
tified due to intense faulting. From 4 to 6 m, there
are upglacier inclined beds of LPT and tephra that are
repeated upwards. These beds are thought to repre-
sent multiple fold limbs while the fold hinges have ei-
ther been eroded away (above) or are buried (below).
In the upper part at 6-9 m, there are a number of in-
clined, north-verging folds with shallow axial plunge
towards west. The limbs and hinges of these folds
are commonly cross-cut by high-angle normal faults
and backthrusts, some of which are slightly folded
and thus indicating fault formation before folding was
completed.

The distal slope, 9—-12.7 m.

The most dominant structures in this part of the
section are fairly steeply inclined, south verging folds
with axes plunging 4° towards east. This is typified,
in particular, at around 12 m where black tephra and
LPT beds outline the folds. The fold vergence to
the south suggests an obstacle in front of the moraine
that created a counter-stress from the north during the
moraine-ridge formation.

The deformation in section 3 probably initiated in
a similar manner as in sections 0, 1, and 2, i.e. with
small-scale folding of the lower strata and subsequent
open folding and shearing of the upper strata across
the lower part. It is suggested that sections 3 rep-
resents the most developed stage in the end moraine
formation with an additional phases of multiple fold-
ing and faulting before the deformation ceased. The
main faulting phase occurred towards the end of
the moraine formation. This is evident from fre-
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quent cross-cutting by faults through folds. However,
slightly folded fault planes indicate that faulting com-
menced shortly before folding ceased.

Steeply dipping normal and thrust faults are com-
mon in section 3. They show little consistency in
terms of orientation although the principal vector
plots as dipping towards WNW. Although the orien-
tation of only five fold axes could be measured di-
rectly, they show remarkably strong east-west orien-
tation, which corresponds to stress induced from the
south or north. Thus, the fold axes seem to be a more
reliable structural indicator of the direction of stress
than faults (Figure 7). The general steepness of both
folds and faults in the section indicates that the folds
are rooted and that the glaciotectonic stress was ab-
sorbed within a relatively narrow zone bounded by the
glacier to the south and permafrost to the north.

Due to the multiple folding and intense faulting,
in particular, it is very difficult to trace marker hori-
zons through the section. Therefore, it is impossible
to apply line and area balancing to the entire section
3. However, and just to get a glimpse of the total hor-
izontal shortening at this site, line balancing was ap-
plied to the polyclinal folds at 0-2 m, through which
the tephra marker horizons could be followed. This
revealed a horizontal shortening of 76%, which, be-
cause of the common refolding in the section, must be
considered to be fairly representative for the moraine
ridge at this site.

POLYPHASE STRUCTURAL
EVOLUTION OF THE 1980 END
MORAINE

Together with a marginal sediment wedge, the 1890
end moraine forms a dual, marginal end product of the
1890 surge (Benediktsson et al., 2008). Much of the
deformation observed in the end-moraine ridge, par-
ticularly in the proximal part, can be regarded as part
of the wedge formation, and the basal décollement
must therefore be common for these two ice-marginal
components (Benediktsson et al., 2008). The four
sections in the end moraine reveal different styles and
magnitudes of deformation and by studying the mor-
phology of the 1890 end moraine, Benediktsson et al.
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(2008) identified a positive relationship between the
size of the end moraine and the magnitude of defor-
mation. Section 3 exposes the largest parts of the 1890
end moraine and shows by far most strain whereas
section 1 occurs in a low ridge and reveals the least
strain. These two can therefore be regarded as end
members in a structural continuum of the 1890 end
moraine. Sections 0 and 2 connect the two end mem-
bers with intermediate strains and deformation styles
that to some extent resemble those observed in sec-
tions 1 and 3.

As concluded by Benediktsson et al. (2008), high
porewater pressure, generated by the loading of the
ice and drainage retardation due to low permeabil-
ity of the overall fine-grained sediments, decreased
the shear strength and led to the original failure of
the submarginal sediment and the formation of the
marginal sedimentary wedge. The actual end-moraine
ridge formed at the last day of the 1890 surge when
the glacier became coupled to the bed and ploughed
into the reverse slope of the marginal sediment wedge.
The coupling was most likely caused by a drop in
submarginal porewater pressure associated with pore-
water blow-out in front of the ice, and took place a
few metres to a few tens of metres upglacier from
the terminal position of the surge, as carefully esti-
mated from the horizontal shortening within the dif-
ferent sections. New analysis of the structural ele-
ments within the end-moraine ridge shows that the
structural evolution of the moraine ridge was more
complex than previously described by Benediktsson
et al. (2008). It is proposed that the moraine ridge de-
veloped through polyphase deformation in the sense
that the phases of deformation are different (duc-
tile, brittle) and temporally separated; ductile defor-
mation dominated and occurred during high porewa-
ter pressures and preceded brittle deformation, which
was induced when porewater pressures decreased (cf.
Phillips et al., 2011; Ferguson et al., 2011). The for-
mation of the moraine ridge is considered to have
started with a small-scale folding and subsequent
thrusting of strata which later formed the central part
of the moraine ridge (Figure 8A). Subsequently, open
anticline-syncline pairs formed an upper unit of lower
strain as overlying strata were pushed and sheared
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over the central part. This interpretation is based on
asymmetric box folds and sheath folds just below the
anticline-syncline pair in section 1 and normal faults
below the anticline in section 2. Simultaneously, the
central part of the moraine deformed further, possibly
obliterating some of the original deformation struc-
tures and resulting in tectonic foliation and homog-
enization (Figure 8B). As the ice continued to push
and porewater pressures remained high, the amplitude
of the original anticlines and synclines increased and
they started to overturn. Thrusting occurred in the
distal and proximal extremities of the moraine ridge,
possibly because of a local and temporary drop in
porewater pressure, as suggested by sections 1 and 2a
(Figure 8C). Further pressure caused the central anti-
cline to refold to form polyclinal overturned folds and
the original synclines became deeper and narrower.
New folds developed and overturned in the proximal
part accompanied by thrusting. Upglacier verging an-
ticlines began to develop in the distal extremity of
the ridge due to an obstruction in front of the ridge,
most likely a patch of permafrost, which generated a
counter stress towards the advancing ice (Benedikts-
son et al., 2008, 2010; Thomas and Chiverell, 2011;
Figure 8D). At the very end of the surge, the system
locked up as porewater pressure dropped and effec-
tive stress increased following porewater blow-out in
front of the moraine ridge. This stiffened the entire
wedge sequence and induced brittle deformation as
seen from faults overprinting folds in sections 2 and
3, in particular (Figure 8E).

The ductile and brittle structures in the sections
suggest deformation during high and low porewa-
ter pressure, respectively. Ductile deformation domi-
nated the construction of the moraine ridge, indicat-
ing that porewater pressure in the submarginal and
proglacial sediments was generally high. However,
faults and shears that formed during the earlier stages
of the moraine formation (e.g. section 1 and 2) sug-
gest that porewater pressure fell slightly and tempo-
rary and locally locked the system to induce brittle
deformation until porewater pressure rose again and
ductile deformation continued. The greatest drop in
porewater pressure occurred at the very end of the
surge following a serious porewater blow out in front
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of the moraine (Kjer et al., 2006; Benediktsson et
al., 2008). This raised the effective stress and shear
strength, causing brittle deformation as the final phase
of the end-moraine formation (Figure 8).
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CONCLUSIONS

The 1890 end moraine in Kringilsdrrani in the cen-
tral forefield of Bruarjokull was formed through
polyphase deformation of overall fine-grained sedi-
ments. This is evident from different deformation
styles and variable strain within four excavated cross-
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sections, as exemplified by ductile and brittle defor-
mation structures and horizontal shortening ranging
from 20% to 76%.

Ductile deformation was favoured by high pore-
water pressure and dominated the formation of the
1890 end moraine, developing from open folding to
multiple overfolding. A substantial drop in porewater
pressure at the very end of the surge induced brittle
deformation as the final phase of the end-moraine for-
mation.

Folds are generally rooted indicating high friction
along a basal décollement, which lies across bedrock
or outwash. This suggests that the applied glacio-
tectonic stress was absorbed within a narrow zone,
as also suggested by steeply dipping faults and axial
planes of folds.

Orientation of faults and axial planes of folds pri-
marily reflects local and marginal ice-flow direction
(e.g. in an outward-spreading surge lobe) which is
perpendicular to the moraine strike and not necessar-
ily coinciding exactly with the main ice-flow direction
of the 1890 surge. In general, though, structural data
coincide with the ice flow from southerly directions,
as expected.
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