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Internal structure, stable isotope composition and tritium concentration were measured in and around debris-
bearing ice at the margin of Storglacidren, where englacial debris bands have previously been inferred to form by
thrusting. Two types of debris bands were distinguished: (i) an unsorted diamicton band that is laterally continu-
ous for more than 200 m, and (ii) well-sorted sand and gravel bands that are lenticular and discontinuous.
Above-background tritium levels and enrichment of 880 and 8D in ice from the diamicton band indicate
entrainment by basal freeze-on since 1952. Isotopic enrichment and tritium-free ice in the sandy debris bands also
indicate entrainment in freezing water, but prior to 1952. The lenticular cross-section, sorting and stratification of
the sandy bands suggest that they were deposited englacially. The basally accreted diamicton band has been
elevated tens of metres above the bed and presently overlies the englacially deposited sandy bands, suggesting that
the stratigraphy has been disrupted. Three interpretations could account for these observations: (i) thrusting of
fast-moving ice over slow, marginal ice uplifting recently accreted basal ice along the fault; (ii) folding near the
margin, elevating young basal ice over older basal and englacial ice; and (iii) debris-band formation by an
unknown mechanism and subsequent contamination of ice geochemical properties by meltwater flow through
debris bands. Although none of these interpretations is consistent with all measurements, folding is most
compatible with observations and local ice-flow kinematics.
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Bands and lenses of sediment-bearing ice crop out at
the margins of many modern glaciers, particularly
polythermal glaciers with frozen margins (Boulton
1970; Hambrey et al. 1999). As ablation proceeds in
debris-bearing ice margins, the released sediment can
accumulate on the ice surface in patterns inherited from
structures in the ice (Glasser et al. 1998; Evans 2009).
Where such landforms are preserved at a former ice
margin, these patterns have been used to infer parent
englacial structures and in some cases have even
been interpreted to reflect ancient climatic conditions
(Hambrey et al. 1997). Our understanding of how such
englacial debris bands form is, however, incomplete,
leaving such climatic interpretations uncertain (e.g.
Lukas 2005).

Debris bands are formed and emplaced englacially
by various processes. In valley glaciers, some englacial
debris bands contain bodies of coarse, angular sedi-
ment derived from valley-side rockfall. However, in
many cases — notably in ice caps and ice sheets lacking
significant supraglacial debris input — the sediment con-
tained in englacial debris bands is ultimately derived
from the bed (Boulton 1970). Many mechanisms have
been suggested for entrainment from the bed and the
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uplift of debris bands in these environments, but few
have been cited as often as thrusting. Most researchers
who invoke thrusting envision fast-sliding ice moving
up and over stagnant or slow-moving marginal ice in
the longitudinally compressive environment of glacier
termini. Despite its widespread application, the thrust
model for the uplift of basal debris, and the proper
criteria for field recognition of thrusts have been long
debated (e.g. Weertman 1961; Hooke & Hudleston
1978; Woodward et al. 2002, 2003; Glasser et al.
2003a).

Herein, we attempt to better constrain the origin and
uplift of debris bands at the margin of Storglacidren,
a non-surge-type polythermal glacier in northern
Sweden. Recent observations and measurements there
by Jansson ez al. (2000) and Glasser et al. (2003b) led to
the tentative interpretation that regelation infiltration of
basal debris and subsequent thrusting were responsible
for the debris bands. We build on these prior measure-
ments by considering both oxygen and hydrogen stable
isotopes and by measuring tritium in and around the
debris-bearing ice. These measurements indicate the
relative ages of debris bands and the enclosing clean ice
and provide constraints on the mechanisms of debris
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entrainment. We also leverage the model results pre-
sented in Moore et al. 2010, 2011) to evaluate possible
uplift mechanisms.

Background

Sediment can be entrained from the glacier bed by a
number of processes involving both ice and meltwater
(Alley et al. 1997; Knight 1997). Basal sliding can
incorporate diffuse basal sediment as creep, melting
and refreezing allow ice to move past obstacles in the
bed (Hubbard & Sharp 1995). If basal effective stress is
sufficiently high, regelation infiltration can incorporate
dense sediment layers a few decimetres thick (Iverson &
Souchez 1996; Iverson et al. 2007; Rempel 2008). Melt-
water moving along the ice-bed interface or in englacial
fractures or conduits can freeze and capture suspended
sediment if the water becomes supercooled by rapid
decompression, creating diffuse or laminated debris
layers (Lawson ef al. 1998; Ensminger ef al. 2001).
Finally, where the climate is sufficiently cool that ice
near the surface and at the terminus is subfreezing (i.e.
in cold or polythermal glaciers), meltwater at the bed
can freeze onto the glacier base as heat is lost by con-
duction through the ice (Weertman 1961). This final
mechanism can potentially entrain decimetre- to metre-
thick packages of dense debris.

Determining the process responsible for entraining a
particular debris band requires knowledge of debris
characteristics and of the properties of the interstitial
and enclosing ice. Geochemical analysis can also help
to determine the origin of debris layers. Particularly
useful are stable isotope ratios of oxygen (3'30) and
hydrogen (8°H or, equivalently, 8D), and the concen-
tration of radioactive tritium (*H).

Stable isotopes are also commonly measured in
glacier ice to assess whether freezing of meltwater
was involved in the sediment entrainment processes
(Hubbard & Sharp 1995). Fractionation of the stable
isotopes of oxygen and hydrogen accompanies the
freezing of water, such that ice formed initially is
enriched in the heavy isotopes compared with the
source water. The isotopic composition of this mete-
oric source water varies with air temperature and
moisture source, but typically lies along a local
meteoric water line (LMWL) with a co-isotopic
slope (8D vs.8'%0) less than ~8. Systematic deviation
from the slope of the LMWL in glacier ice can indicate
that the ice formed or was altered by the complete
or partial freezing of meltwater (Jouzel & Souchez
1982; Souchez & Jouzel 1984). Comparison of the
co-isotopic composition of debris-bearing glacier ice
with the LMWL can thus constrain the debris entrain-
ment process.

Spatial patterns in isotopic composition and the iso-
topic relationship between debris layers and surround-
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ing clean ice can also help in the identification of
entrainment processes. Iverson & Souchez (1996)
showed that debris-rich ice formed by regelation infil-
tration creates a dense debris layer that becomes pro-
gressively enriched from the top of the layer to the
bottom. In contrast, the freeze-on of subglacial melt-
water in an ideally ‘closed’ subglacial system initially
produces isotopically enriched ice as heavy isotopes are
preferentially sequestered in the solid phase. As freez-
ing continues, late-forming ice becomes progressively
depleted along a freezing slope (Souchez & Jouzel
1984), producing an isotopic profile opposite to that
from regelation infiltration. Unfortunately, the closed
subglacial hydraulic system is a theoretical idealization
that is probably rare in nature. Under the more realistic
assumption that the subglacial hydraulic system is open
and the source water composition changes over the
period of accretion, the ice would not necessarily
exhibit a freezing slope, nor would it necessarily show
signs of progressive enrichment across the debris layer.
It may, however, still be relatively enriched if the source
water has an isotopic composition similar to the ice
above (Souchez & de Groote 1985).

A potential difference between ice that regelates into
underlying sediment and ice that freezes from basal
meltwater is age. The radioactive isotope tritium, *H
(half-life=12.3 a), incorporated in small amounts in
atmospheric water, can be used to identify ice that con-
tains precipitation falling after 1951 (e.g. Strasser et al.
1996). Natural tritium production in the upper atmos-
phere results from cosmic ray bombardment of nitro-
gen, but comparatively large amounts of tritium were
introduced into the atmosphere as a result of surface
thermonuclear weapons testing between 1951 and 1963.
Since an international agreement banning atmospheric
nuclear testing, tritium concentrations in the atmos-
phere have declined to near background concentra-
tions. Background levels of tritium at high northern
latitudes are as high as 12.5 TU (Kotzer et al. 2000).
During the summer ‘bomb-peak’ of 1963, tritium con-
centration in northern Scandinavia precipitation was
5950 TU (measured 15th June 1963; Ostlund & Lund-
gren 1964).

The use of tritium for relative age dating in ice
requires accounting for the decay of tritium to its
daughter product, *He. Pre-bomb precipitation in 1950
containing 12.5 TU would contain only 0.48 TU after
58 years of decay, and older ice would contain still less
as the age of the ice increased. Hence, 0.5 TU represents
a reasonable maximum value for pre-bomb ice. For
glaciers large enough that ice residence times are
hundreds or thousands of years (this includes Storgla-
cidren), glacial ice regelating into the bed near the ter-
minus should be effectively free of tritium. Ice formed
after 1951 could have higher tritium concentrations,
up to about 469 TU for ice formed from pre-
cipitation in 1963 (assuming an initial 5950 TU). There-
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fore, tritium concentrations larger than 0.5 TU in ice
can be taken to indicate that at least some fraction of
the ice was formed from water that condensed in the
atmosphere after 1952 (Strasser et al. 1996).

Some mechanisms of sediment entrainment can
directly emplace the debris englacially, whereas others
require uplift after entrainment. Examples of the former
group include basal (Woodward et al. 2002) or surface
crevasse fills, injection of sediment and supercooled
water into basal crevasses (Ensminger et al. 2001), and
the preservation of water-lain sediment deposited in
englacial conduits (Kirkbride & Spedding 1996). Debris
emplaced well above the glacier bed by these mecha-
nisms will often be surrounded by geochemically ‘pris-
tine’ glacier ice, probably tritium-free and isotopically
depleted. Most of the remaining common entrainment
processes accrete sediment to the glacier sole, so that
debris is brought to the surface only after uplift and
perhaps stratigraphic disruption. The geochemical sig-
nature of ice surrounding basally entrained debris
depends on the detailed thermal history of the basal ice
zone and the mode of uplift.

Uplift of basal ice is thought to occur through
bulk thickening, folding or thrusting (Alley et al.
1997). Each of these processes requires a compre-
ssive stress regime, usually in the longitudinal (flow-
parallel) direction. Bulk thickening is simply the
homogeneous vertical extension that accompanies
longitudinal shortening when transverse extension
is inhibited (Weertman 1966). This is manifested as
upturned flowlines that can bring basal debris pas-
sively to the surface without heterogeneous strain,
and has been inferred from field observations (Hooke
& Hudleston 1978) and shown theoretically (Hooke &
Hudleston 1978; Moore et al. 2009). Uplift by bulk
thickening does not require stratigraphic disrup-
tion, and any exposure of basal ice at the glacier
surface should therefore be underlain by more basal
ice and be progressively younger with depth. In
contrast, folding and thrusting do necessarily entail
stratigraphic disruption and may therefore result in
repeated or overturned strata and the juxtaposition of
ice and sediment facies formed in different englacial
or basal environments. Folding or thrusting, or a
combination of both processes, may thus be responsi-
ble for the appearance of debris layers of basal origin
overlying englacial ice of meteoric origin. An exten-
sive body of literature (e.g. Hambrey efal. 1999;
Evans 2009; Benn & Evans 2010) describes the field
identification of thrusts, usually on the basis of offset
structures, ice crystal fabrics, or bands of basally
derived debris in locations and orientations consistent
with longitudinal compression. Fewer studies have
discussed folding and its contribution to debris uplift,
and it is often inferred to occur as a predecessor to
thrusts (Clarke & Blake 1991; Glasser & Hambrey
2002; Swift et al. 2006).
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Field setting

Storglaciédren is a 3-km-long polythermal valley glacier
in northern Sweden with a rich history of glaciological
measurements (Fig. 1). Most of the glacier ice is tem-
perate except for a surface layer 20-70 m thick in the
ablation zone that is below freezing (Pettersson et al.
2007). This cold surface layer meets the bed within
~50-150 m of the terminus according to radar and ther-
mistor measurements (Moore efal. 2011). The
temperate-based ice upglacier is known to undergo
basal motion by both sliding and bed deformation
(Iverson et al. 1995; Moore et al. 2011). Measurements
by Moore et al. (2011) indicate that basal motion unex-
pectedly continues beneath the cold-based terminus,
perhaps at depth within a deformable sediment layer.
Near the centre of the terminus where the ice surface
and bed slope down-glacier, this weak substrate limits
longitudinal compression. However, in the northern
portion of the terminus, the glacier bed has a gentle
adverse slope where it encounters a small moraine
mound (Fig. 2). In 1994 an ice-cored ridge appeared at
the surface on the northern side of the terminus
(Jansson et al. 2000). This ice-cored sediment ridge and
the associated debris bands have remained exposed at
the glacier surface since then, although in 2008 the
outcrop was within a few metres of the ice margin.
Several debris layers have been recognized in the area
of the debris ridge by previous workers (Glasser et al.
2003b). The most prominent band crops out for ~200 m
and roughly parallels the ice margin from the northern
edge of the terminus to about 30% of the way south
across its width. This band’s exposure approximately
coincides with the extent of the moraine mound in the
glacier forefield. The debris band varies from about 10
to 40 cm in thickness, dips upglacier to the southwest
between 31° and 70° (decreasing toward the south,
or glacier centreline), and consists of poorly sorted,
subangular to subrounded sediments, primarily sand

Fig. 1. Contour map of Storglacidren (m a.s.l.).
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Fig. 2. Photo of the study area, taken in 2007 from the north,
showing the distinct debris ridge near the margin. A small moraine
mound is visible in the middle-ground on the left side of the photo,
extending from the meltwater stream (Nordjokk) on the near side to
an ice-marginal snow field in the middle of the terminus. The white
box shows the approximate extent of the map in Fig. 3.

and gravel. Sediment concentration varies from 45% to
more than 75% by volume (Glasser et al. 2003b; Uno
2008; Moore 2009). Stable oxygen isotope measure-
ments of Glasser efal. (2003b) suggested that the
sediment was entrained from the bed by regelation infil-
tration prior to uplift to the surface, but their results
could not constrain how far upglacier of the terminus
this entrainment took place and therefore could not
constrain the timing of debris band uplift.

Jansson et al. (2000) observed englacial reflections
in ground-penetrating radar (GPR) surveys that
appeared to represent the continuation at depth of the
primary debris band that crops out at the surface.
Projection of this reflection towards the glacier bed
suggested that it emanated from the transition
between warm-based and cold-based ice (the basal
thermal transition), and further suggested that
entrainment may have occurred near this thermal
transition. Jansson ef al. (2000) also found that the
surface outcropping of this feature coincided with a
significant decline in glacier surface velocity. These
observations, combined with sedimentological analy-
sis of the debris, led Glasser et al. (2003b) to conclude
that the terminus of Storglacidren was under substan-
tial longitudinal compression and that this compres-
sion was accommodated by thrust faulting and the
displacement of dirty basal ice to the surface. How-
ever, oxygen isotope measurements in and around the
debris band did not fully corroborate the inferred
entrainment mechanism. Additional questions also
remained regarding how thrust displacement might
have been accommodated within or adjacent to the
debris layers (Glasser et al. 2003b).
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Methods

Outcrops of the Storglacidren debris bands were inves-
tigated and sampled during the summers of 2006, 2007
and 2008. The location of the surface expression of the
most extensive debris band was measured in 2007 using
a Trimble (4600 LS receiver and 4000 SSI base) differ-
ential GPS. Where the in situ debris bands were covered
with accumulated debris, outcrops were mechanically
and hydraulically cleaned for visual inspection and
description. Layer orientations were measured with a
Brunton compass, and thicknesses with a tape measure.
Ice facies were described first as either debris-bearing or
clean, and then further classified according to the
scheme of Hubbard & Sharp (1995). Longitudinal
sections along supraglacial melt streams provided
exposures for measurement of band thicknesses and
attitudes. Sediments in the debris-bearing ice were
described qualitatively (both in outcrop and after
debris-bearing samples were melted) according to their
composition, texture, grain roundness and sedimentary
structures. The deeper subsurface orientation of the
most widespread debris band was investigated engla-
cially using a Heucke steam drill in 2007. Whereas a
high-pressure hot-water drill used for drilling instru-
mentation boreholes was able to penetrate slowly
through decimetre-thick englacial debris bands, the
steam drill could not. Therefore, the depth to the debris
band was inferred to be the depth at which downward
melting with the steam drill was halted. The total length
of the drill stem and drill hose was 10 m, thus limiting
the probing depth. A network of 18 steam-drill holes
was drilled in 2007 in the ice just upglacier from the
surface expression of the debris band.

Samples of ice were obtained from within and
immediately surrounding the debris bands in 2006 and
2008 for stable isotope and tritium analysis (Fig. 3).
For reference, samples of young bubbly ice were also
collected from the ice surface just below the equilib-
rium line, and water was sampled from each of the
two major meltwater streams issuing from the glacier
terminus (Nordjokk and Sydjokk). To minimize con-
tamination from surface meltwater, ice was removed
from the exposure with a sledgehammer and chisel or
a chainsaw to access uncontaminated ice at least 20 cm
beneath the surface. Samples were either chipped from
the outcrop with a chisel or extruded through an ice
screw. Ice and all included sediment were collected
from each sample site so that debris contents could be
computed in the laboratory from the mass fractions of
melted ice and sediment. Ice for both stable isotope
and tritium analysis was stored for transport in poly-
ester bottles sealed with parafilm. Volumetric debris
concentrations in debris-bearing ice were computed
from measurements of oven-dried sediment and melt-
water mass assuming a uniform rock density of
2700 kg m™.
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Fig. 3. Map of the southern portion of the debris band outcrop and
approximate ice sampling locations. The cross-hatched portion of the
debris band was not visible at the surface until 2008, although it was
encountered in 2007 beneath the surface when the area was probed
with a steam drill. The location of the major debris band containing
sample sites 1 and 2 was determined in 2007 with differential GPS,
while debris bands for sites 3 and 4 are approximate values for 2007.
Contours represent the subsurface position of the debris band as
interpolated from 18 steam drill holes in 2007. Further steam drilling
to the south and east along-strike of the area mapped did not
intersect any debris bands to ~9 m depth. Map coordinates are the
Swedish grid RT90 2.5gV. Contour lines in m a.s.l.

Stable isotope analysis of 8D and 8"0 was per-
formed at the University of Utah (Stable Isotope Ratio
Facility for Environmental Research) using a thermo-
chemical elemental analyzer coupled to an isotope ratio
mass spectrometer. Debris was removed with a 0.4-
micron filter prior to analysis to remove solids from
debris-bearing ice. Isotope ratios were measured at
least four times per sample to improve measurement
precision. Analytical uncertainty was 0.5 for dD and
0.1° for 8"%0.

Tritium concentration was measured at the Dis-
solved Gas Laboratory at the University of Utah using
the ‘helium ingrowth’ method described by Clarke et al.
(1976). Water melted and filtered from an ice sample
was extracted into an evacuated stainless steel ampule,
degassed, and allowed to sit for 30-120 days (depend-
ing on water volume) to permit *H decay. Tritiogenic
*He concentration was then measured with a MAP-215
noble gas mass spectrometer. To eliminate error arising
from contamination with non-tritiogenic *He (e.g. by
leakage of the ampule or incomplete degassing of
atmospheric helium), “He was also measured. Samples
containing greater than the detection threshold of “He
were degassed and held again for re-analysis.

Results

The debris bands appear to be of two different types,
judging from the extents of the various debris bodies
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and the texture of the sediments they contain. The
most prominent band — the one that controls the loca-
tion of the ice-cored ridge — is predominantly a coarse,
poorly sorted diamicton layer ranging from 10 to
25 cm thick (Fig. 4). Particles are subangular to sub-
rounded, occasionally striated or faceted, and of
mixed lithologies. Within the diamicton layer,
centimetre-scale pockets of clear ice, elongated parallel
to the band, are common. The upper and lower
boundaries of the band are irregular on a centimetre
scale, but sharp. Along its outcrop, the band bifur-
cates in at least one place and appears to become two
bands, separated by a thin wedge of coarse, clear ice.
The debris content of the diamicton band is ~45-50%
by volume. The second type of band crops out in
various places a short distance (0-5 m) down-glacier
from the diamicton band (sites 3 and 4; Fig. 5). Expo-
sures are not laterally continuous over distances of
more than 10 m, and in places they pinch out abruptly
at a rounded edge (Fig. 5A). This second type of band
has volumetric debris concentrations ranging from 55
to 70%. The debris is primarily well-sorted sand with
lenses of gravel (Fig. 5B), and, where present, the
gravel typically lies above (up-glacier from) the sand.
In contrast to the diamicton band, no intercalated
pockets of clear ice are present. The boundaries of the
band are wavy but sharp, and the surrounding ice is
clear and coarse. Ice within a few centimetres above
and below the debris bands is coarse-grained and

Fig. 4. View to the northwest along-strike of the major debris band
and associated ice-cored debris ridge near Site 2 in 2007. An in situ
outcrop of this debris band can be seen beneath the shovel handle.
Debris band thickness (~25 cm) and up-glacier dip (~60°) can be seen
where a supraglacial stream has incised in the foreground.
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Fig. 5. Close-up photos of debris bands and supraglacial sediment accumulation. A. Loose sediment melted out from the diamicton debris
band accumulating at the crest of the ice-cored debris ridge near Site 2, showing subrounded and subangular pebble- and cobble-sized clasts
in a finer sandy matrix. Field notebook is 18 cm tall. B. Close-up photo of the diamicton debris band in an exposure on the southern end of
the ice-cored ridge (near Site 1 of Fig. 3). Ice axe grip is ~20 cm long. C. Northern edge of a sandy band outcrop at Site 4, showing the rounded
band margin and internal bounding surfaces suggesting scouring or concentric (edge to middle) layering. D. Approximately 2 m south along
the same band as above, showing gravel overlying well-sorted sand, suggesting inverse grading. Glove is ~18 cm long. Photos B-D were taken

facing up-glacier and looking down on outcrops sloping toward the glacier margin.

clear, but coarse bubbly layers of clean ice can be
found both up-glacier and down-glacier of the debris
bands. At the ice surface all of the bands are approxi-
mately parallel to one another and to local foliation,
dipping up-glacier between 31° and 70° and with dips
increasing along-strike towards the northern lateral
margin.

Subsurface investigation with the steam drill reveals
that a continuous debris layer (Fig. 3) does indeed dip
up-glacier and towards the centreline. The dip is
steepest near the surface (as high as 70°) and becomes
gentler with depth (24°), particularly towards the
southern extent of the band. Probing in 2007 indicated
that the band continued at depth some distance to the
south of where its outcrop disappeared. This was con-
firmed in 2008, as ablation exposed ~10 m of outcrop

along-strike to the south of where it was visible in 2007
(hatched area in Fig. 3). However, radar profiles and
borehole video inspection of the area indicate that the
feature does not continue as far south as the glacier
centreline (Moore 2009). The debris band thus appears
to be limited to the portion of the terminus abutting the
small moraine mound (Fig. 2) on the northern edge of
the ice margin.

In general, debris-band ice from both types of band is
isotopically enriched compared with most of the sur-
rounding clean ice (Fig. 6). There is substantial overlap
between the clear and debris-rich ice samples (Fig. 6B,
C), but a Student’s z-test indicates that the two popu-
lations are statistically distinct at the 95% confidence
level (p=0.0025 for 8D, p=0.00064 for 5'80). A linear
regression of the entire data set gives a line with a slope
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Fig. 6. Stable isotope compositions of debris-bearing (‘dirty’; grey
triangles) and clean (black circles) ice from the vicinity of the debris
bands. A. Co-isotopic scatter plot showing the oxygen and deuterium
isotopic composition of ices compared with the local meteoric water
line (LMWL, unpublished data, P. Jansson). All values are per mil
(%o) relative to the VSMOW, and error bars show 20 uncertainty
bounds. Box plots in (B) 8D and (C) 8'®0 illustrate the differences
between population quartiles and median values.

of 6.2, but heterogeneity from one site to another sug-
gests that this composite slope may not represent a
robust pattern (Fig. 7).

Profiles across individual debris band exposures do
not exhibit uniform spatial patterns of enrichment or
depletion (Fig. 7). A possible trend towards progressive
depletion from the top of the debris to the bottom at
Site 1 (with a co-isotopic slope of 6.59) is not matched
in the profile from the same band at Site 2 (here we use
‘top’ and ‘bottom’ loosely to refer to the up-glacier and
down-glacier directions across the outcrops). A striking
discontinuity in the isotopic composition appears in the
clean ice across the debris band at Site 2. Ice below the
band at this site is among the most isotopically depleted
in the area. However, the same is not true below the
same band at Site 1, where the isotopic composition is
similar to that of other clean ice. Ice in the sandy bands
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is consistently enriched compared with surrounding
clean ice, and no discontinuities are apparent across the
bands.

Tritium concentrations of debris-rich ice, surround-
ing clean ice, young bubbly ice and the meltwater
streams are compared in Fig. 8 and shown in Table 1.
Only in the clear ice are tritium concentrations consist-
ently near zero, although three of four debris-rich
ice samples from sandy bands are also nearly zero. The
fourth sandy ice sample, collected less than 1 m away
from one of the tritium-free samples, had a tritium
concentration of 3.3+0.4 TU. Three separate analyses
from this sample yielded the same result, so measure-
ment error is unlikely, indicating that tritium heteroge-
neity in the sandy band is real. In contrast, the
diamicton band had a fairly consistent tritium concen-
tration of ~1 TU (Fig. 8). Recent glacier ice (repre-
sented by the ‘young bubbly ice’ sampled from near the
equilibrium line) appears to have a concentration of
~3.2 TU, but changing temperatures and meteoric
water sources can cause tritium concentrations to vary
in time and space, so this value is not necessarily rep-
resentative of modern meteoric precipitation. Indeed, a
sample of rainwater collected in 2006 in nearby Kiruna,
Sweden, had a concentration of 12 TU (Uno 2008). The
northern meltwater stream, Nordjokk, which receives
surface melt from the accumulation area (Seaberg et al.
1988), had consistently higher tritium concentrations
(~5.7 TU) than Sydjokk (~3.4 TU), which drains the
upper ablation area. The tritium measurements are
summarized in Fig. 8 and compared with projected
decay curves for ice formed from precipitation in
Ottawa, Canada, using tritium data from Clark & Fritz
(1997).

Discussion

The sandy debris-rich layers exhibit lenticular struc-
ture, grain sorting and a clast-supported framework,
indicating that they contain sediment transported and
deposited by water. Sedimentary structures near the
margins of the bands show that entrainment occurred
in englacial passages. An apparent coarsening upwards
appears in the band at Site 4, suggesting inverse grading
or overturned normal grading. The stable isotope
composition of the debris-bearing ice is isotopically
enriched compared with most of the clean ice surround-
ing the bands, suggesting that freezing of interstitial
water was responsible for ‘locking’ the debris in place
once deposited. However, the fact that only one sample
from these bands contains considerably more than 0.5
TU of tritium suggests that they may have been
entrained prior to 1952. The high tritium measurement
(3.7 TU) in one sample was probably not in error
because three independent analyses yielded similar
values, so a physical explanation for the anomalous
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measurement is required. Recalling that drilling
through englacial debris bands occasionally tapped an
englacial water conduit, a reasonable interpretation is
that portions of some debris bands have been exploited
as permeable passages for young meltwater in the
recent past, thus introducing tritiated water into struc-
tures that were formed prior to the bomb-peak. An
alternative interpretation is that the debris-band sedi-
ment was entrained recently with young water and sub-
sequently contaminated in most places with water
derived strictly from melt of older ice. The latter inter-
pretation is rejected because we find it unlikely that
recent basal meltwaters near the terminus could
exclude some contribution from young meteoric water
sources (e.g. snow-melt). If the tritium concentrations
measured in marginal meltwater streams are indicative

relative to VSMOW.

of the composition of the subglacial meltwater that
would be available for freeze-on (Seaberg et al. 1988),
such young water should contain much more than 0.5
TU. Therefore, the sandy bands are interpreted to be
preserved conduits formed prior to 1952 by the hydrau-
lic transport of sediment and subsequent (or pene-
contemporaneous) freezing of water.

The diamicton in the main debris band closely resem-
bles a coarse till in texture and clast induration, con-
sistent with entrainment by accretion from the bed.
Tritium concentrations greater than 0.5 TU indicate
that the debris is enclosed in young ice, and therefore
probably not by regelation infiltration of old tritium-
free englacial ice. Clear ice lenses, a slight enrichment in
stable isotopes and the lack of a consistent spatial
pattern in the isotopic profiles further indicate that
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open-system basal freeze-on was the entrainment
mechanism. A steep basal temperature gradient meas-
ured closer to the glacier centreline was interpreted by
Moore et al. (2011) to result from latent heat liberated
by basal freezing. Because the ice in this band is fairly
uniformly tritiated — albeit at low concentrations — this
entrainment presumably occurred recently. Alterna-
tively (as above), the tritium could have been intro-
duced after entrainment by water passing through the
pore spaces and replacing the water originally involved
in entrainment. However, the introduction of a tritium

Table 1. Tritium in Storglacidren ice and water.

Sample no. Ice facies H conc. (TU) 20
1DBI Diamicton 0.9 0.2
1DB2 Diamicton 1.1 0.3
2DBI Diamicton 1.6 0.6
2DB2 Diamicton 0.7 0.4
3DBI Sandy 0.1 0.2
3DB2 Sandy 0.4 0.2
4DBI Sandy 0.3 0.3
4DB2 Sandy 3.7 0.6
1BDBI1 Clear 0.1 0.1
1BDB2 Clear 0.2 0.1
4ADBI1 Clear 0.0 0.3
4ADB2 Clear 0.0 0.3
4BDBI1 Clear 0.0 0.1
4BDB2 Clear 0.5 0.3
4BDB3 Clear 0.0 0.4
4BDB4 Clear 0.0 0.2
YBII Young ice 3.0 0.4
YBI2 Young ice 32 0.4
Nord06 Nordjokk 5.6 1.0
Nord08 Nordjokk 5.9 0.5
Syd06 Sydjokk 34 0.7
Syd08 Sydjokk 3.8 0.4
Kiruna Rainwater 12.0 0.9

T T T T T T T
1970 1980 1990 2000 Cl SB DB w

Calendar Year Ice facies

signal that is spatially nearly uniform by contamination
with meltwater would be surprising. Furthermore,
melting of the original interstitial ice by contaminating
water would probably remove ice lenses and allow com-
paction of the sediment framework, leaving the debris
more densely packed than the 45-50% (sediment
volume fraction) measured. Therefore, we assume that
the tritium and stable isotope data from the diamic-
ton band retain the original geochemical signatures,
indicating recent entrainment by basal freeze-on. This
result contrasts with the conclusions of Glasser ez al.
(2003b), who argued that the bands were entrained by
regelation infiltration based on a more limited set of
3180 data.

The geochemical data indicate that the two types of
debris bands were entrained by different processes and
in different positions relative to the glacier bed and
margin. The sandy bands were probably entrained prior
to 1952 as subglacial water entered englacial passages or
fractures, transporting and depositing sand and gravel
with it. Hooke ef al. (1988) hypothesized that basal
meltwater could be diverted englacially over basal over-
deepenings owing to the freezing of supercooled water
on adverse bed slopes and the consequent clogging of
basal meltwater passages. Several well-documented
overdeepenings in the bed of Storglacidren could
account for the diversion of basal water and sediment
into englacial passages. The resulting sand and gravel
bodies were above the bed and probably close to bed-
parallel at the time of formation. The diamicton debris
band was later entrained at the bed a short distance
from the terminus, perhaps close to the basal thermal
transition. Unless there has been a large localized dis-
placement between the bands, the diamicton band was
originally parallel to and below the sandy bands.
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Where it was exposed at the glacier margin in 2008,
the diamicton band dipped up-glacier and overlaid
~10 m of clear and dispersed facies ice containing some
sandy debris bands. Therefore, if our interpretations
of the entrainment process and timing are correct,
not only have the debris bands been elevated from the
bed and rotated from subhorizontal, but the strati-
graphy at the time of formation has been inverted in
the process. The remainder of this section discusses
possible scenarios for accomplishing this disruption of
stratigraphy.

Mechanism of uplift and
stratigraphic disturbance

The debris bands, initially formed at or near the bed,
now dip up-glacier and overlie several metres of
tritium-free clean ice. Sandy bands are presently found
down-glacier from, and therefore stratigraphically
below, the younger diamicton band. This apparent
overturning of stratigraphy requires an explanation
that is consistent not only with the observations des-
cribed above, but also with available measurements of
ice kinematics (Moore et al. 2011). Three interpreta-
tions are considered: (1) the uplift and overturning of
stratigraphy by folding; (2) the uplift of the younger
basal diamicton over older basal ice by thrusting; and
(3) geochemical contamination of the debris layers.
Folding and thrusting are commonly invoked in such
circumstances, including in the investigation by Glasser
et al. (2003b) of these same debris bands. The third case
represents a null hypothesis that our isotopic and
tritium measurements do not accurately preserve evi-
dence of the entrainment process and therefore cannot
constrain uplift.

The time frame for entrainment indicated by tritium
in the diamicton debris band provides some constraints
on how quickly the debris travelled from the bed to the
surface. The maximum transit time between entrain-
ment at the bed and sampling at the surface is 56 years
(1952 to 2008). However, the debris bands were
exposed at the surface as early as 1994, allowing a
maximum of 42 years for transport to the surface
(Jansson et al. 2000). In 30-m-thick ice (the 1995 ice
thickness at the middle debris band reflection in fig. 3B
of Jansson et al. 2000), this requires a minimum uplift
rate of 0.71 m a™'. The maximum local vertical veloci-
ties at the ice surface are ~1 m a™! within 50 m of the ice
margin in 1995 (Jansson et al. 2000) and 2007-2008
(Moore et al. 2011). This high upward vertical velocity
is primarily a consequence of enhanced longitudinal
compression in the northern part of the terminus and is
absent closer to the centreline.

If thrusting elevated, rotated and translated the
diamicton band in the time frame discussed above,
surface observations and velocity measurements should
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be compatible with such discrete motion. For a fault
dipping ~30° up-glacier, an average fault-slip rate of
(30 m/sin 30°)/42 a=1.4 m a~' would just suffice to bring
newly accreted tritium-bearing basal ice to the surface.
This fault displacement would require the ice up-glacier
of the fault to move vertically 0.7 m each year relative
to the ice down-glacier and would further necessitate
enhanced ablation on the hanging wall to make it
escape detection as a hanging-wall escarpment or a
growing surface bulge. There are no such ice surface
bulges or escarpments on the northern portion of Stor-
glacidren’s terminus, nor have any been documented in
either the literature or local records despite yearly field
efforts on Storglacidren beginning in 1946. Further-
more, an attempt in 2008 to measure slip offset engla-
cially across 1.5 m of ice enclosing the diamicton debris
band yielded no displacement (Moore et al. 2011).

The structural concordance of all of the debris bands
and with prominent foliation is also difficult to recon-
cile with thrusting (Jansson ez al. 2000; Glasser et al.
2003b). Weertman (1961) argued that thrusting should
rotate hanging-wall structures to increasing up-glacier
dips while leaving footwall structures largely untilted.
The result, in outcrop, should be systematic discord-
ance between any previously subparallel structures
across the fault that pre-dated the thrust (as described
in, for example, Woodward et al. 2002). No systematic
discordance between foliations or debris layers is
present in the descriptions of Jansson et al. (2000) or
Glasser et al. (2003b), nor was any apparent during our
observation period in 2006-2008.

An alternative to thrusting that to some extent alle-
viates some of these problems is folding. Recumbent or
overturned folds are occasionally invoked to account
for many of the same structures as thrusting, and are
also sometimes cited as predecessors to thrusting (Swift
et al. 2006). To explain the observed stratigraphic rela-
tionships, the debris bands and basal ice that we
observe must be within the down-glacier limb of a tight,
overturned fold. Indeed, if the sandy band at Site 4
(Figs 3, 5C, D) was initially deposited with normal
grading (i.e. sand was deposited on top of gravel), one
can infer that it is presently overturned.

Unlike thrusting, the expression of folding in surface
velocity does not involve discontinuities or escarpments
but can be manifested as a smooth undulation in ver-
tical velocity. A more challenging kinematic issue
raised by the fold hypothesis is how folding that
involves basal ice is accommodated at the glacier base.
If a stiff, dense debris layer at the base of the glacier
buckles, a cavity or void is probably opened up at the
bed unless something fills the space or the fold core is
very tight. Clarke & Blake (1991) considered a similar
problem at Trapridge Glacier and suggested that a
mound of sediment beneath the incipient fold axis
could allow such a structure to develop. While those
authors had no evidence for such a structure, Moore
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(2009) and Moore et al. (2011) identified a strong,
gently down-glacier-dipping radar reflection above the
mean bed level just up-glacier from the ice-cored debris
ridge at Storglacidren. Based on apparent radar reflec-
tion power, Moore (2009) inferred that this structure
was composed of water-saturated sediment, which is
known to underlie large areas of the glacier (Brand
et al. 1987).

The possibility that our isotopic measurements
represent contamination from meltwater rather than
tracers for the timing and processes of entrainment
deserves further consideration. Two boreholes drilled
in the area for a related project (Moore et al. 2011)
gushed turbid water for a period of hours to days when
the drill intersected a debris layer englacially. It is there-
fore possible that portions of debris bands were occa-
sionally exploited as meltwater conduits. As indicated
previously, the 3.7-TU sample of sandy-band ice from
Site 4 (Table 1) may have been contaminated in this
way. If water in the outwash streams is taken to be
isotopically representative of the subglacial and engla-
cial water near the terminus (Table 1), contamination
may be expected to introduce tritium concentrations in
the range 3-6 TU. Contamination by water of this
composition cannot account for tritium concentrations
near zero in the sandy bands but could explain the
anomalously high measurement at Site 4. Consistently
low-level tritium values (~1.1+0.4 TU) in the diamic-
ton band would require partial contamination of the
same fraction of the ice in each sample, which is
unlikely. Furthermore, melting and replacement of
interstitial ice in the diamicton band would probably
have eliminated ice lenses, assuming that subsequent
freezing of pore water occurred sufficiently rapidly to
prohibit significant ice segregation. Therefore we reject
the hypothesis that the majority of our dirty ice samples
were contaminated by meltwater flow that post-dated
debris-band formation.

None of the above uplift and stratigraphic disruption
hypotheses fully explains our observations and meas-
urements. Post-entrainment isotopic contamination of
our sampled dirty ice may have occurred in at least one
sample described above, but contamination would be
expected to introduce younger tritiated ice into older
structures rather than the converse. Thus, contamina-
tion cannot explain the apparent age difference in the
debris bands. We therefore accept that there is an
age difference between sandy and diamicton debris
bands, and seek to explain their stratigraphic inversion
physically. Thrusting requires mechanical conditions
unlikely to arise at Storglacidren (Moore et al. 2009,
2010, 2011). Furthermore, the kinematic implications
of the necessary thrust displacement rates inferred from
the young diamicton band are not consistent with
measurements and observations reported here or in
prior work (e.g. Moore et al. 2011). Folding can poten-
tially account for uplift and stratigraphic disturbance
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much like thrusting, and is more consistent with the
expected mechanical behaviour of ice under high con-
finement and low strain rates. We therefore tentatively
suggest that the debris bands and associated ice-cored
debris ridges at Storglacidren were formed by folding
near the terminus, bringing young debris-bearing basal
ice layers to the terminus and locally overturning the ice
stratigraphy.

Conclusions

The field observations and isotopic data presented
above point to distinct entrainment mechanisms for
two types of debris bands found on the north margin of
Storglacidren. Sediment texture and isotopic enrich-
ment in a diamicton-bearing debris band was probably
entrained at the glacier bed by freeze-on in a hydrauli-
cally open subglacial till aquifer. Uniformly elevated
tritium concentrations in this debris band indicate that
entrainment and uplift occurred after thermonuclear
testing began in 1952. Several sorted sand and gravel
lenses were entrained englacially, prior to the weapons-
testing era, by meltwater flowing through subhorizon-
tal fractures or conduits in the ice. After deposition and
freeze-in of the sediment, portions of these bands may
have been exploited by meltwater flow, locally intro-
ducing a post-1952 geochemical signature to some of
the debris-bearing ice, but not completely obliterating
the isotopic signature of entrainment. After entrain-
ment, these debris bands were uplifted and rotated, and
in the process their original stratigraphy was disrupted.

There is no evidence of discrete displacement across
the debris band at present, nor are there any past kin-
ematic observations consistent with the magnitude of
thrust displacement necessary to bring basally derived
sediment to the ice surface in the time frame con-
strained by tritium measurements. Therefore, thrusting
is rejected as the primary mechanism for exposure of
these debris bands at the ice surface. Uplift and over-
turning by folding, though a poorly understood process
in the present context, is more consistent with observa-
tions and measurements at the terminus between 1995
and 2008. However, a mechanical framework for
fold development in debris-bearing glacier termini is
required to fully evaluate this hypothesis.

Our results have broader implications for the inter-
pretation of debris-band structures and properties in
other glaciers. The use of tritium to provide time con-
straints on the uplift of basally derived debris to the
surface provides lower bounds on the rate of debris
uplift and thus allows testing of debris emplacement
mechanisms against other direct measurements. This
approach highlights the importance of considering the
kinematic implications of conceptual models of glacial
structure development. In addition, anomalous tritium
results and borehole-drilling records suggest that
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caution is needed in the interpretation of geochemical
signatures preserved in debris-bearing ice because they
can be profoundly altered if the structure acts as a
passage for porous meltwater flow after entrainment.
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