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Luminescence has the potential to elucidate glacial geomorphic processes because primary glacial sediment sources
and transport pathways are associated with contrasting degrees of exposure to light. Most notably, sediment en-
trained from extraglacial sources should be at least partially reset, whereas sediment produced by glacial erosion of
subglacial bedrock should retain substantial luminescence commensurate with a geological irradiation history. We
set out to test the validity of this assumption at Haut Glacier d’Arolla, Switzerland using sediment sampled ex-
traglacially and from the glacier bed. Contrary to our expectations, the subglacial samples exhibited natural signals
that were substantially lower than those of other sample groups, and further (albeit limited) analyses have in-
dicated no obvious differences in sample-group luminescence characteristics or behaviour that could account for
this observation. For glaciological reasons, we can eliminate the possibilities that the subglacial sediment has been
extraglacially reset or exposed in situ to heat or light. We therefore advocate investigation of possible resetting
processes related to subglacial crushing and grinding, and speculate that such processes, if more generally present,
may enable the dating of subglacially deposited tills using luminescence-based techniques.

Darrel A. Swift (e-mail: D.A.Swift@sheffield.ac.uk), Department of Geography, University of Sheffield, Winter
Street, Sheffield S10 2TN, UK; David C. W. Sanderson, Scottish Universities Environmental Research Centre,
Rankine Avenue, Scottish Enterprise Technology Park, East Kilbride G75 0QF, UK; Peter W. Nienow, Department
of Geography, School of GeoSciences, University of Edinburgh, Drummond Street, Edinburgh EHS 9XP, UK, Robert
G. Bingham, Geography & Environment, School of Geosciences, University of Aberdeen, Elphinstone Road, Aberdeen
AB24 3UF, UK, Ian C. Cochrane, Department of Geographical and Earth Sciences, University of Glasgow, Glasgow
G12800Q, UK; received 18th March 2010, accepted 19th October 2010.

Luminescence properties of sedimentary deposits have
the potential to further our understanding of complex
geomorphic systems and processes by elucidating their
sediment sources and transport pathways. First, lumi-
nescence behaviour could be exploited in situations
where quantifiable differences in sensitivity, fading or
bleaching characteristics, for example, are produced by
mineralogically distinct sediment sources or by trans-
port pathways characterized by contrasting blea-
ching—dosing histories. Second, residual dose could be
exploited where sediment sources or transport path-
ways are associated with varying degrees of lumines-
cence accumulation or resetting. The latter approach
should be particularly applicable to glaciated catch-
ments, where exposure to daylight should result in ex-
traglacial sources being substantially bleached, whilst
sediment eroded from bedrock beneath many metres of
glacier ice should carry substantial luminescence com-
mensurate with a purely geological irradiation history
(see Fuchs & Owen 2008).

Minerals generate luminescence because structural
defects trap ‘free’ electrons produced by naturally oc-
curring ionizing radiation. The resetting of lumines-
cence systems requires such trapped electrons to be
released under stimulation in natural or laboratory set-
tings. Relaxation processes can include recombination
at luminescence centres, where a proportion of the en-
ergy that is liberated is released as light (Aitken 1985,

DOI 10.1111/5.1502-3885.2010.00196.x

1998). Resetting is widely considered to be dominated
by the effects of heat and light (Wintle & Huntley 1979;
Liritzis 2000), making luminescence a useful tool for
dating (Lian & Roberts 2006) or process tracing (e.g.
Rink et al. 1999; Bateman et al. 2007) in geology and
geomorphology. Potential as a process tracer in the
glacial environment has been demonstrated by Gem-
mell (1994, 1997), who attributed the substantial re-
sidual dose of proglacial stream suspended sediment to
the entrainment of sediment from mainly subglacial
sources. Resetting of residual dose at the glacier bed as
a result of subglacial grinding and crushing has been
proposed (e.g. Morozov 1968; Dreimanis et al. 1978;
Singhvi et al. 1994), but the efficacy of such ‘geo-
mechanical resetting” remains controversial (Toyoda
et al. 2000).

We set out to examine whether residual dose could be
used to elucidate the sources of sediment evacuated by
the subglacial drainage system at Haut Glacier d’Ar-
olla, Switzerland (Fig. 1). First, extraglacial and sub-
glacial sediments representing inputs to and outputs
from the drainage system were sampled under night-
time conditions; extraglacial sediment was sampled at
the glacier margin and from glacial streams, whilst
subglacial sediment was sampled in situ from beneath
~100m of glacier ice, utilizing boreholes drilled
through the ice to the glacier bed (see Fig. 1 for drill-site
location). For reasons given below, residual dose was
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Fig. 1. A.Map of Haut Glacier d’Arolla, Switzerland showing the sampling locations discussed in the text. The inset key indicates the number
of samples obtained at each location (see Supplementary Material for a full sample list). B. Photograph looking SE over the glacier. The
approximate location of the drill site, where subglacial sediment was sampled, is indicated by the filled triangle. Surface sediment was sampled
from marginal moraine in the upper glacier basin, and stream sediments were obtained from two tributaries of a nearby non-glacier-fed mar-
ginal stream and from the eastern subglacial drainage system portal (symbols indicate sampling locations). Glacier-fed extraglacial streams
below Bouquetins ridge (numbered 1 to 4) also enter the glacial drainage system and emerge from the eastern drainage portal. C. Distribution of
major rock types and sediments in the catchment and surrounding areas (after Tranter et a/. 2002). This figure is available in colour at http://

www.boreas.dk.

characterized initially using simple polymineral screen-
ing measurements, with full single-aliquot regenerative
(i.e. SAR) procedures being undertaken on a subset of
samples only. We show that, rather than exhibiting
substantial equivalent dose commensurate with a geo-
logical irradiation history, the luminescence of the sub-
glacial sample group was substantially reset relative to
that of the other major sediment types. Possible reasons
for these surprising observations are explored.

Field area and sampling method

Haut Glacier d’Arolla (Fig. 1A) is a classic alpine gla-
cier at which sediment transport is dominated by the
subglacial drainage system (Sharp er al. 1993; Swift
et al. 2002). This system accesses a thin layer of de-
formable sediment at the ice-bed interface that is pro-
duced by erosion of the underlying bedrock (Hubbard
et al. 1995; Harbor et al. 1997; Fischer & Hubbard

1999). The majority of the annual sediment load is
evacuated by hydraulically efficient subglacial channels
that evolve in spring and summer (Nienow et al. 1998;
Swift et al. 2002) and in which sediment transport is
limited only by the rate of sediment supply (Swift et al.
2005; cf. Alley et al. 1997). Nevertheless, a portion of
the sediment transported by subglacial channels is en-
trained in extraglacial streams, such as those fed by
western-facing cirque glaciers below the Bouquetins
ridge (Fig. 1B; Swift et al. 2005). Runoff from glacial
sources causes sediment evacuation from the ice-bed
interface to peak shortly after midday; however, runoff
from the Bouquetins cirques continues into the evening.
The catchment geology is complex, consisting of am-
phibolites, granites and gabbros that represent various
stages of the Alpine orogeny (Fig. 1C).

Sediments sampled at night in August 2000 com-
prised seven samples from the base of two ~100-m-deep
glacial boreholes and 16 extraglacial samples: seven
samples from marginal streams; three surface samples
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from marginal moraine; and six samples from two pro-
glacial streams that emerge from the eastern portion of
the subglacial drainage system (Fig. 1A, B). Stream
samples comprised suspended sediment obtained by
immersing an opaque sample bottle into a well-mixed
section of the flow; moraine samples were scraped into
opaque 35-mm film canisters from exposed sediment
surfaces. Borehole sampling was undertaken using a
water sampler modified from the design of Blake &
Clarke (1991) (see Tranter et al. 2002). The boreholes
had been drilled in mid-July using a hot-water drill
(ambient drill-tip water temperature ~50°C) and were
sampled ~30 days later, after subglacial instrumenta-
tion — which had been deployed at the time of drilling —
had been removed. The sampler was shaken vigorously
at the base of each borehole prior to closure of the
sampler in situ; samples were protected from light and
were stored and transported in opaque polypropylene
bottles.

Drilling and sampling methods do not indicate the
potential for significant contamination of borehole
samples by optically reset sediment. There is the poten-
tial to release reset sediment from glacier ice during
drilling; however, because debris causes problems dur-
ing drilling, boreholes were located away from su-
praglacial and englacial debris accumulations, and,
other than the highly conspicuous eastern medial mor-
aine (Fig. 1), no significant debris structures are known
to exist in the vicinity of the drill site (see Goodsell et al.
2005). Supraglacial and/or englacial streams are an-
other potential source of reset sediment; however, su-
praglacial runoff is characterized by extremely low
sediment concentrations, and boreholes do not act as a
focus for runoff from wide areas of the glacier surface.
Furthermore, as the basal sediment layer in the vicinity
of the drill site is up to 10 cm thick (Hubbard et al. 1995;
Harbor et al. 1997; Fischer & Hubbard 1999), the po-
tential for contamination by reset sediment would have
been further reduced by thorough mixing of the basal
sediment layer both during drilling and by vigorous
shaking of the Nielsen sampler at the base of each
borehole when sampling.

Another potential source of reset sediment is the
turbid water that has been shown by down-borehole
video to enter boreholes from small englacial channels
(e.g. Copland et al. 1997). However, such channels ap-
pear to be rare at Haut Glacier d’Arolla; the best ex-
ample to have been observed during borehole survey
was the result of turbid water, comprising sediment
disturbed from the glacier bed, being forced into an
englacial channel during drilling (Copland et al. 1997).
Furthermore, Copland et al. (1997) concluded that the
majority of borehole turbidity appeared to be generated
by basal water flow through or above unconsolidated
basal sediment at the ice-bed interface. Stone & Clarke
(1996) have also reported borehole observations from
temperate glaciers during the melt season that show the
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frequent mobilization of basal sediment at the ice-bed
interface.

Sample preparation and initial screening results

Simple preparation techniques and a simple poly-
mineral single-aliquot multiple-stimulation screening
approach (Table 1) were used for all samples on ac-
count of the small volume of subglacial sediment ac-
quired using the borehole sampling technique. The
samples were prepared by settling in water before
washing in a 10% HCI solution for 30 min to remove
carbonate minerals; no reaction with the HCI solution
was observed, and, because the samples were devoid of
organic material, no further pretreatments were under-
taken. Mineralogical and grain-size characteristics (the
latter estimated to be 10—100 um) were later checked for
consistency using an FEI Quanta SEM. All lumines-
cence measurements were made from small quantities
of sample dispensed onto 0.25-mm-thick, 1-cm-dia-
meter stainless steel discs using a Risg DA15 lumines-
cence reader equipped with a bialkali photomultiplier
(ET9235QB) and a 9-mm Hoya U340 filter to detect
near-UV radiation. Although polymineral lumines-
cence was expected to be dominated by feldspar emis-
sion, and therefore to exhibit fading (see Krbetschek
et al. 1997), the same multiple-stimulation procedure
was used for all measurements.

The multiple-stimulation screening procedure (Table
1) was applied to two discs per sample and comprised
sequential measurement of: (i) Infra-Red-Stimulated
Luminescence (IRSL) (60s stimulation at 60°C with
an 83-nm laser diode delivering approximately
240 mW cm 2 to the sample); (ii) post-IR blue Optically
Stimulated Luminescence (OSL) (30s stimulation at
125°C with GaN diodes at 470 nm delivering approxi-
mately 30 mW cm 2 to the sample); and (iii) Thermally-
stimulated Luminescence (TL) (ambient to 500°C at

Table 1. Multiple-stimulation procedure used for initial screening.

Step' Treatment Observed?
1 Preheat (220°C for 30s) -
2 Stimulate IRSL (60s at 60°C) LIRSE
3 Stimulate OSL (30s at 125°C) LOSt
4 Stimulate TL (ambient to 500°C at 5°Cs™") L
5 Stimulate TL (ambient to 500°C at 5°Cs™1)3
6 Give test dose, Dt (5 Gy) -
7 Preheat (220°C for 30s) -
8 Stimulate IRSL (60s at 60°C) TiRSL
9 Stimulate OSL (30s at 125°C) 798t
10 Stimulate TL (ambient to 500°C at 5°Cs™ 1) Tt
11 Stimulate TL (ambient to 500°C at 5°Cs™")?

'Steps 1-11 repeated following a 50-Gy regenerative dose.
2Observed signals obtained from raw stimulation curves (see Fig. 2).
3Second heating for TL background subtraction.
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Fig. 2. Indicative IRSL and OSL shine-down curves and background-subtracted TL glow-curves measured during read-out of naturally trap-
ped charge from individual discs prepared from samples 1277 (subglacial sediment), 1280 (portal stream sediment), 1293 (marginal stream
sediment) and 1296 (surface sediment). IRSL and OSL signals were calculated by subtracting the underlying background (determined over the
last 14.4 and 7.2 s of observed signal for IRSL and OSL, respectively) from the initial signal (obtained by integration over the first 4.8 and 2.4 s
of observed signal for IRSL and OSL, respectively); TL signals were obtained by integration of the observed signal over the range 300 to 400°C.

5°Cs™', with a second heating to enable background-
subtraction). Background-corrected luminescence sig-
nals were then extracted from raw IRSL and OSL
shine-down and TL glow-curves as shown in Fig. 2 and
used to estimate the residual dose (D,) using the sim-
plest form of the single-aliquot regenerative-dose
protocol,

(1)

L, T, .
palacodose = — x —= x regenerative dose,
Tl Lr

where L,, T, L, and T, are the background-corrected
natural signal, a subsequent test-dose signal, a re-
generative-dose signal, and its associated test-dose sig-
nal, respectively (Table 1; see Galbraith 2002). Similar
multiple-stimulation procedures have been used in di-
verse luminescence profiling studies to provide robust
diagnoses of sediment transportation and depositional

processes (e.g. Sanderson er al. 2003, 2007; Burbidge
et al. 2007; Sanderson & Murphy 2010).

Figure 3 shows that initial D, estimates reproduced
well and covered several orders of magnitude between
the major sample groups, exceeding that which could
reasonably be expected to have arisen from methodo-
logical problems and uncertainties. Notably, although
regenerated signals (L,) were uniformly intense (typi-
cally around 10* counts for all sample groups), sub-
glacial samples yielded low-intensity natural signals (L,
in Table 1) compared with those in other sample groups
(e.g. sample 1277, Fig. 2). Consequently, the subglacial
sample group demonstrated a substantially lower re-
sidual dose than any of the other sample groups, re-
gardless of stimulation method (Table 2). A small
number of samples exhibited weak or non-existent nat-
ural signals (see legend to Fig. 3), but largely in the case
of post-IR OSL, which can be attributed to the
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Fig. 3. Initial residual dose (D,) estimates obtained using the simple polymineral single-aliquot multiple-stimulation screening procedure (see
text). Two independent determinations of IRSL, OSL and TL D, were obtained for each sample (i.e. D;; and D,,) and these are shown on
separate axes; error bars reflect photon counting statistics (Galbraith 2002) plus an estimated 2% analytical error (see Armitage et al. 2006).
Subglacial samples are shown as filled triangles; see Fig. 1 for the key to other sample types. D, values with errors that exceeded +-100%, largely
as a result of very weak L, signals, were treated with caution; hence, one portal stream sample has been removed from (A) and six samples
(including four subglacial sediment samples) have been removed from (B). See Supplementary Material for the full data set.
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Table 2. Comparison of D, exhibited by each of the sample groups.
Description IRSL OSL TL

D/ D/ Dy D, Dy/Dy? D! D/ Dy
Subglacial sediment 12+8.4 - 2.842.0 - 90+13 -
Portal stream sediment 512477 0.02 2924208 0.01 329419 0.27
Marginal stream sediment 151+£120 0.08 131+121 0.02 287166 0.31
Surface sediment 1824135 0.07 189+147 0.02 281+52 0.32

'Values are means of the D, estimates shown in Fig. 3; errors are +1o.

>Mean subglacial D, (i.e. D;) as a fraction of the mean D, of the other sample types (i.e. Dyy).

dominance of emissions from feldspar minerals (pre-
dominantly feldspar mineralogy was confirmed by
SEM analyses).

Further investigation of luminescence
characteristics

The surprising results and subsequent discussions with
peers inspired us to undertake additional work to assess
whether the unexpectedly low subglacial residual dose
could be readily explained by: (i) differences in lumi-
nescence behaviour between the subglacial and extra-
glacial samples; or (ii) rogue luminescence behaviour
that could cause the subglacial samples to have appar-
ent lower residual doses.

Dose response

Uncertainties regarding residual-dose estimates using
the initial screening procedure and the luminescence
behaviour of different sample groups were investigated
by applying single-aliquot regenerative-dose (SAR)
procedures to six key samples (including two subglacial
samples). The procedure employed the same poly-
mineral multiple-stimulation procedure (Table 1) with
the addition of a range of regenerative doses (from 10 to
1000 Gy) and recuperation and recycling steps; fur-
thermore, the procedure was applied to eight discs per

>
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sample, which, following initial data appraisal, enabled
mean values to be calculated for each regeneration
point belonging to each sample. SAR residual-dose es-
timates were obtained and compared with the initial
screening estimates, bearing in mind the potential tim-
ing and role of known sensitivity changes (e.g. Wallinga
et al. 2000, 2001; Blair et al. 2005).

SAR curves (Fig. 4) were supra-linear, but all sam-
ples demonstrated good SAR characteristics (Table 3)
and similar SAR behaviour, although subglacial TL
exhibited higher sensitivity than other samples to doses
in excess of 100 Gy (Fig. 4C). Recycling and recupera-
tion values for all samples were mostly good (Table 4),
with recycling ratios typically within the range 0.9-1.1
at +1o, and only two OSL recuperation values being
>5% (subglacial samples 1277 and 1285). Given the
polymineral nature of the samples, the SAR character-
istics were therefore as good as could be anticipated,
and SAR D, estimates were well constrained (Table 4)
and within saturation limits (cf. Fig. 4). SAR D, esti-
mates also compared well with the initial residual-dose
estimates (Table 4).

Shape of the decay curve

Consideration was given to whether natural and re-
generated signals of certain sample groups exhibited
different decay properties that might invalidate SAR

10 100 1000 10

100 1000 10 100 1000

Regenerative dose (Gy)

Fig. 4. Sensitivity-corrected luminescence growth-curves for various samples using a multiple-stimulation single-aliquot regenerative-dose
(SAR) procedure (see text); regeneration points are means of eight aliquots per sample. All plots include a recycling point at 50 Gy; zero dose-
point values (not shown) and recycling ratios are summarized in Table 4. Fitted curves are fourth-order polynomials that were also used to
calculate the SAR D, estimates (Table 3); for all curves R>>0.999 and the standard deviation of the back-transformed residuals is <3%. The
key to lines and symbols for all plots is shown in (A); see Fig. 1A for sample key.
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Table 3. D (i.e. initial screening approach) and SAR D, for various samples.

Sample Description D! D/}

IRSL OSL TL IRSL OSL TL

1277 Subglacial sediment 22+13 8.7+8.4 116+67 28+0.1 6+0.2 102+1.0
1285 Subglacial sediment 7.0+2.1 3.5+4.6 70£13 11+£0.1 34+0.1 68+0.8
1279 Portal stream sediment 513+£94% 2454917 325444 453+4.7 22446.0 397+3.4
1292 Marginal stream sediment 208+42 136+33 291423 2024+2.4 135+1.2 475+10
1296 Surface sediment 1384637 T7+£53% 294+61 12640.1 75+2.4 360+3.7
1298 Surface sediment 294495+ 161493 325465 260+2.0 1574+2.6 400+4.5

"Values are means of eight aliquots per sample (unless indicated by +); errors are +1o.
2D, interpolated from the corresponding SAR growth-curve (Fig. 4) using the mean sensitivity-corrected natural signal (L,/Ty; n = 8);

+1o error has been estimated from the standard error of the regression curve.

tValues are means of seven aliquots per sample, owing to measurement faults.

approaches. LM-OSL (e.g. Thomas et al. 2006) was re-
jected because changes in decay properties can also
arise from differences in sample mineralogy and/or the
number of bleaching—dosing cycles to which sediment
has been exposed (e.g. Bailey et al. 2003; Lukas et al.
2007). Also, our limited experience of applying LM-
OSL to feldspar systems indicated that the complex
overlapping signal distributions obtained would be ex-
tremely difficult to deconvolve. A standard signal ana-
lysis approach (cf. Bailey et a/. 2003) that used existing
data sets was therefore employed, comprising analysis
of IRSL and OSL signal-decay plots and D.(t) plots.
The latter were produced using sensitivity-corrected
IRSL and OSL signals from successive integration in-
tervals of the raw shine-down curves (Fig. 5).
Signal-decay plots (Fig. 6) demonstrated no sig-
nificant differences in the form of natural and re-
generated signals for individual samples, and no obvious
differences between sample groups; post-IR OSL is
characterized by slow decay, indicating that this signal is
likely to be dominated by feldspar (or quartz without a
fast component). D(t) plots for IRSL signals were either

flat or showed a slight decline, whereas the OSL D(t)
plots tended to show some increase (Fig. 7). For quartz
minerals, it has been suggested that a rise of D, with in-
tegration time occurs in partially reset samples as a result
of better resetting of the fast component relative to the
slower components (e.g. Bailey ez al. 2003). For feldspar
minerals, such components have not been identified, and
the dependence of the residual dose on integration peri-
od may have other causes (e.g. signal stability). OSL
D.(t) plots are therefore consistent with the resetting of
naturally acquired luminescence signals, but, given our
limited knowledge of feldspar signals, no inferences can
be made other than that there are no clear differences
between the sample groups.

Stability of the signal

Fading rates were investigated using further aliquots of
the six samples previously subjected to SAR analysis
(see above). Fight aliquots of each sample were sub-
jected to the same polymineral multiple-stimulation

Table 4. SAR recycling, recuperation and fading characteristics for various samples.

Sample’  Mean recycling ratio®? Mean recuperated signal (% of N)** Signal remaining after 95 days®

IRSL OSL TL IRSL OSL TL IRSL OSL TL
1277 0.86+0.13  1.094+0.19  0.974+0.05  0.52+0.88 9.234+8.16 0.1040.08 0.62+0.11  0.47+0.16  0.58+0.08
1285 0.894+0.07  0.86+0.11  0.94+£0.05 1.78+1.64 24.5423.9 0.1240.08 0.57+£0.20  0.51£0.11  0.58+0.10
1279 0.9240.06  1.244+0.44  0.894+0.07  0.02+0.03 0.1740.26 0.0240.01 0.60+0.07  0.70+0.20  0.7440.09
1292 0.85+£0.08  1.084+0.31  0.84+0.03  0.04+0.03 0.304+0.24 0.0340.03 0.70+0.08  0.754+0.05  0.8940.03
1296 0.9440.07  1.074£0.15  0.9240.05  0.03+0.03 0.2340.16 0.0540.06 0.58+0.06  0.61+0.12  0.7340.16
1298 0.954+0.08  1.024+0.28  0.94+0.05  0.04+0.04 0.70+1.07 0.0340.03 0.70+£0.06 ~ 0.684+0.14  0.7940.08

!See Table 3 for sample descriptions.
2Values are means of eight aliquots per sample; errors are +1o.

*Recycling ratio obtained from the sensitivity-corrected regenerative signals R; and R.
“The sensitivity-corrected regenerated signal R, (zero dose) expressed as a percentage of the sensitivity-corrected natural signal

(Ln/To).

SRatio of the mean sensitivity-corrected regenerated signal in four stored discs to the mean prompt signal in four control discs +1c.
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procedure (Table 1); however, the procedure was mod-
ified such that four aliquots were stored for 95 days
following administration of the regenerative dose,
whilst the remaining aliquots were stored prior to ad-
ministration of the regenerative dose. Measurement of
these ‘stored’ and ‘prompt’ regenerative doses was then
followed by measurement of a 50-Gy test dose, allow-
ing fading to be quantified using the ratio of the sen-
sitivity-corrected ‘faded’ and ‘prompt’ signals. The
results demonstrate significant fading of regenerated

natural IRSL
—o—1296 1.0
—-o— 1298
——o-— 1279

LX/LA + 20

BOREAS

signals (Table 4); nevertheless, fading was generally
consistent across all sample groups.

Bleaching characteristics

Uncertainties concerning the bleaching rates of signals
in the various sample groups were addressed by
bleaching regenerated doses. Bleaching rates of re-
generated IRSL, OSL and TL signals were quantified
by exposing aliquots of each sample to ‘artificial day-
light” fluorescent lighting inside a sealed ‘lightbox’ for
periods of 1 and 8 min, and to direct sunlight for a per-
iod of 1min. Furthermore, the precise form of the
bleaching curve was investigated by exposing aliquots
from two samples (one subglacial and one extraglacial)
to ‘artificial daylight’ for periods of up to 32 min. The
first approach demonstrated mostly consistent rates of
bleaching (Table 5). Exposure to the artificial daylight
source did appear to bleach subglacial TL more rapidly
than for the other sample types, but this was not ob-
served under exposure to direct sunlight, and may
therefore reflect unintended heating of the aliquots as a
result of the proximity of the fluorescent lighting, or
well-known differences between the spectra of fluor-
escent lighting and sunlight. Bleaching of regenerated
signals (e.g. Fig. 8) exhibited an exponential reduction
of signal with exposure time that is typical of geological
samples.

Sensitivity change

Residual dose may to some extent reflect sensitivity
changes in our samples that cannot be corrected for

regen IRSL

Fig. 6. Signal-decay plots obtained from IRSL
and OSL shine-down curves for various
samples: (A) natural IRSL; (B) natural OSL; (C)
regenerated IRSL; and (D) regenerated OSL
(key to all samples shown in (A)). The plots
show sensitivity-corrected luminescence (Lx)
for successive integration intervals (i.e.

Lx = L,/T,, where x is the integration interval)
as a proportion of the sensitivity-corrected
initial signal (L) in interval a (integration
intervals shown in Fig. 5). Values are means of
eight aliquots per sample (except for 1279 in (A)
and (B), for which values are means of seven
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determinations). Shine-down curves were
measured using the multiple-stimulation
approach of Table 1.
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using normal SAR procedure (e.g. Murray & Wintle
2003). Notably, our multiple-stimulation procedure in-
volves heating aliquots to 500°C prior to administra-
tion and measurement of the test dose, which is likely to
introduce some sensitivity changes during the first SAR
step. Comprehensive dose-recovery tests using a
SARA-SAR procedure (as suggested by Wallinga ef al.
2000) were not possible owing to the limited sample
material available, and we recommend that additional
research be undertaken on the luminescence behaviour
of subglacial material from other sites. However,
the magnitude of reported effects, which are typically
in the range 10-30% (e.g. Wallinga et al. 2000; Blair
et al. 2005, Bateman et al. 2010), would be insufficient
to account for the observed one to two order of magni-

tude variation of residual dose between sample groups
(Fig. 3, Table 2). Furthermore, there are no reasons
to suppose that such effects would lead to different
behaviour in the subglacial sample group from that in
any other.

Discussion

Residual doses of the sample groups and their origin

Unexpectedly low subglacial residual dose dominates
residual-dose variation in samples obtained at Haut
Glacier d’Arolla and is evident even in the difficult-
to-reset TL signal (Fig. 3); few extraglacial samples

Table 5. Remaining dose after various periods of exposure to different light sources, as a fraction of the 50Gy original dose.

IRSL OSL TL

1 min 8 min 1 min 8 min 1 min 8 min
Artificial daylight'-
Subglacial samples 0.6240.06 0.1040.02 0.80+0.09 0.15+0.04 0.2940.02 0.2240.02
Proglacial stream samples 0.64+0.13 0.1440.01 0.53+0.19 0.14+0.03 0.62+0.09 0.26+0.03
Marginal stream samples 0.6510.12 0.131+0.02 0.69+0.10 0.13+0.05 0.64+0.09 0.26+0.02
Surface sediment samples 0.61£0.17 0.1440.03 0.66+0.18 0.18+0.07 0.6940.06 0.3040.05
Direct sunlight'-
Subglacial samples 0.054+0.03 - 0.07+0.04 - 0.66+0.03 -
Proglacial stream samples 0.06+0.02 - 0.08+0.08 - 0.59+0.04 -
Marginal stream samples 0.054+0.02 - 0.06+0.04 - 0.56+0.04 -
Surface sediment samples 0.054+0.02 - 0.03+0.05 - 0.60+0.05 -

"Remaining dose calculated as L;/L,, where L; is the observed signal after exposure and L, is the observed signal with no exposure; values are
means for each sample group (the number of samples in each group is shown in Fig. 1A); errors are +1c.
2Irradiance measured using a Molectron PR500 pyroelectric radiometer was approximately73 W m™2.

3Undertaken at East Kilbride on 7th March 2005 at midday GMT; measured energy flux was approximately 1 kW m 2.
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Lp/Ly,

Exposure time (min)

Fig. 8. Resetting of regenerated IRSL signals in samples 1285 (sub-
glacial sediment; filled triangles) and 1296 (surface sediment) as a re-
sult of exposure to an artificial daylight source. The graph shows the
observed signal after bleaching (L) as a proportion of the observed
signal with no bleaching (L,). Symbols are means of two aliquots per
sample; errors were calculated as for Fig. 3.

exhibited such a low dose, and only in the easy-to-
bleach IRSL and OSL signals (Fig. 3A, B). Also no-
table is the high residual dose exhibited by samples of
suspended sediment collected from the proglacial
stream, which, given the low residual dose of the sub-
glacial sample group, is not consistent with the ex-
pectation that the majority of sediment transported by
such streams is entrained at the ice-bed interface (see
Gemmell 1994, 1997; Swift et al. 2005). However, this
expectation may not have been valid at the time of
sampling because periods of falling discharge are gen-
erally associated with the reduced availability of basal
sediment (see Swift et al. 2005), indicating that the ma-
jority of sediment in transport may actually have been
extraglacial sediment sourced from fluvial erosion of
the slopes below the Bouquetins ridge (Fig. 1A, B).

A number of previous studies have reported anom-
alous luminescence behaviour of samples from gla-
ciated environments, most notably the poor sensitivity
of glacial sediment that arises from poor-intensity sig-
nals with weak or absent fast components (e.g. Lukas
et al. 2007), recuperation of signals after bleaching (e.g.
Rhodes & Pownall 1994), or the thermal transfer of
signals during SAR procedures (e.g. Rhodes & Bailey
1997). Our analyses have shown that such problems do
not exist in the case of the samples obtained at Haut
Glacier d’Arolla. Furthermore, our analyses indicate
consistent luminescence behaviour across all sample
groups and indicate nothing that could reasonably ac-
count for the observed one to two order of magnitude
variation in residual dose between the major sample
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groups. It follows that we have found no variation in
luminescence intensity or behaviour that could be as-
cribed to differences in sample mineralogy or transport/
exposure history (see Lukas et al. 2007).

There is evidence instead that the luminescence of the
sediment types sampled at Haut Glacier d’Arolla re-
flects the natural resetting of geologically accumulated
signals. First, extraglacial sample residual dose, which
approaches geological saturation levels (see Wintle &
Murray 2006), is consistent with only partial resetting,
such as that resulting from the reworking of glacially
eroded sediments at or near the ice margin by debris
flows and other mass-movement processes. Second, al-
though there are many uncertainties regarding the in-
terpretation of the D.(t) plots (Fig. 7; see above), rising
extraglacial sample OSL D.(t) is again consistent with
partial resetting, whereas subglacial sample OSL D(t)
is almost flat, which is consistent with total resetting
(see Bailey et al. 2003). Third, the relationship of sub-
glacial sample IRSL, OSL and TL residual dose to that
of the other sample groups (Table 2), which indicates
substantially lower IRSL and OSL residual
dose than for the difficult-to-reset TL signal, is con-
sistent with widely observed bleaching patterns of
natural signals as a result of exposure to heat or light
(see Table 5).

Assuming that the subglacial residual dose is indeed
a result of natural resetting of near-saturated geological
signals, the energy required to have reset such a signal
to observed levels can be estimated from rates of
bleaching exhibited by regenerated signals when ex-
posed to artificial daylight (Table 5). Knowledge of the
signal present in the subglacial bedrock/sediment prior
to resetting is also required, but, as this is unknown, we
substitute this with the mean residual dose exhibited by
the other, presumed partially reset, sample groups. By
way of example, the easy-to-bleach subglacial IRSL
residual dose is typically 10% of that of the other sam-
ple groups (Table 2), which equates to a level of reset-
ting that is produced by approximately 8§min of
exposure of a regenerated signal to artificial daylight
(Table 5). A similar exposure time is arrived at when
using the OSL and TL signals (Tables 2, 5). From the
irradiance of the artificial source (72.92 W m ), it fol-
lows that the energy required to reset subglacial signals
from levels exhibited by the extraglacial sample groups
would be ~35kIm 2. In terms of exposure to natural
light at midday on the glacier surface, when measured
irradiance is typically ~1 kW m 2, ~35kJm~? equates
to an exposure time of ~30s.

The above is a minimum estimate of the energy
required to have reset subglacial signals to observed
values because: (i) extraglacial samples are believed to
have been partially reset, and therefore the actual level
of signal present in subglacial bedrock or sediment
prior to resetting is likely to have been far greater (SAR
growth-curves indicate that it may have been
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~1000 Gy; Fig. 4); and (ii) resetting is non-linear (Fig.
8), such that the energy required to reduce the lumines-
cence of a sample by a given proportion increases as
trapped electrons are released by the resetting process,
so that bleaching rates determined from regenerated
signals will be significantly greater than for partially
reset natural signals. Nevertheless, this estimate pro-
vides a sound and cautious basis from which to assess
possible resetting mechanisms.

Traditional resetting mechanisms

Subglacial sample residual dose cannot be explained by
accidental exposure to light or heat as: (i) light sources
present during sampling (i.e. head-torch lights and
moonlight) cannot have delivered the energy required
in the time taken to retrieve and bottle the samples; and
(i) drill-water temperatures during borehole drilling
were far below the 200°C preheat used during lumines-
cence measurement (B. Hubbard, pers. comm. 2001).
Heat generated by friction between clasts, sediment
particles and bedrock during glacier sliding or de-
formation of basal sediment is also negligible. Conse-
quently, potential resetting mechanisms are limited to:
(1) bleaching of sediment in situ by light reaching the
glacier bed through open boreholes or through glacier
ice; (ii) bleaching of sediment in an extraglacial location
prior to re-deposition beneath the glacier; (iii) glacier
advance over bleached extraglacial sediment; and (iv)
resetting in situ as a result of a natural process that does
not require heat or light.

In situ bleaching is extremely unlikely because it re-
quires unacceptably low attenuation of light, regardless
of whether light is transmitted down boreholes or
through glacier ice. In the case of borehole transmis-
sion, the Lambert—Beer equation (Grum & Becherer
1979) indicates that, given an ice thickness of ~100 m
and mean daily solar irradiance of ~0.3kW m~? (both
obtained from field measurements), the delivery of
35kIm~? to the glacier bed via boreholes that were
open for 30 days prior to sampling requires the at-
tenuation of light in the borehole to be < 0.12m .
Such attenuation rates are unrealistic, given that: (i)
typical values for clear water are ~0.2m™'; (ii) bore-
holes are normally at least partly water-filled (Hubbard
et al. 1995); (iii) glacier ice has poor reflective proper-
ties; and (iv) boreholes have irregular form and
ice-wall texture. Furthermore, flushing of sediment at
the glacier bed (e.g. Hubbard et al. 1995; Copland et al.
1997) indicates that the sampled sediment is unlikely to
have been directly beneath the borehole for 30 days.
Similar calculations show that the alternative scenario
of bleaching via transmission through ice would require
~268 million years, even when reflection of light at the
glacier surface is ignored and a uniform and generous
within-ice attenuation coefficient of 0.8 m ' is assumed

Anomalous luminescence of subglacial sediment at Haut Glacier d’Arolla, Switzerland

455

(see Grenfell & Maykut 1977; Pegau & Zaneveld
2000).

Finally, the possibility of extraglacially bleached se-
diment existing beneath the glacier is incompatible with
current understanding of subglacial processes. Sub-
glacial re-deposition of extraglacially bleached sedi-
ment is extremely unlikely because sediment transport
within subglacial channels, which are occasionally fed
by extraglacial streams, is supply-limited (see Swift
et al. 2002, 2005). Sediment can be deposited sub-
glacially when subglacial channels are required to tra-
verse overdeepenings (Alley et al. 2003), but the single
probable overdeepening at Haut Glacier d’Arolla is not
sufficiently deep and does not in any case extend under
the drill site (Sharp et al. 1993). The alternative scenario
of glacier advance over extraglacially bleached sedi-
ment is even more unlikely given the long history of
Alpine glacial retreat and the requirement for the over-
ridden sediment to have resisted evacuation by the
subglacial drainage system. At Haut Glacier d’Arolla,
this system evacuates 2000+ tonnes of sediment per
year (Gurnell et al. 1992; Swift et al. 2002) from a basal
sediment layer only ~10 cm thick (Harbor et al. 1997),
implying spatially averaged subglacial erosion rates in
excess of Imma~', and a mean basal sediment re-
sidence time of only 100 years.

Alternative resetting mechanisms

Calculations of the attenuation of light through ice re-
late only to absolute intensities of light, whereas it is
well known that shorter-wavelength parts of the spec-
trum are most attenuated in water (Berger 1990; Bailey
et al. 2003), resulting in preferential bleaching of feld-
spar luminescence at water depths beyond those at
which effective bleaching of the quartz system can oc-
cur, even for turbid water (Sanderson ef al. 2003, 2007).
Because the polymineral aliquots analysed in this study
were predominantly composed of feldspar, it is there-
fore possible that bleaching at the glacier bed could be
more effective than anticipated. Without field mea-
surements of the attenuation of different spectra by
glacier ice, it is impossible to know just how effective
such a resetting mechanism could be. Nevertheless, gi-
ven that transmission of only a portion of the spectrum
would result in a reduction in light intensity, and given
that the transmitted wavelengths would still undergo
at least some attenuation, such a mechanism remains
unlikely.

The absence of plausible resetting mechanisms re-
lated to heat or light raises the possibility of more
controversial resetting mechanisms. Resetting by sub-
glacial processes has been postulated, particularly the
grinding and crushing processes that are responsible for
producing and comminuting subglacial debris, because
these processes subject individual sediment grains to
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extremely high stress (see Boulton 1974). Various geo-
mechanical resetting mechanisms related to grain stress
have been proposed, including: (i) grain fracture, which
should result in fewer active luminescence centres that
are surrounded by an extended atomic lattice (Toyoda
et al. 2000); and (ii) the ejection of trapped electrons by
stresses imposed on the crystal lattice (Lee & Schwarcz

1994) and/or localized frictional heating
at grain boundaries (Fukuchi 1989; Lee & Schwarcz
1994).

Because our analyses indicate no substantial differ-
ences in the sensitivity of subglacial and extraglacial
sample groups of a kind that would indicate a reduction
in the number of active luminescence centres, our ob-
servations are most consistent with the resetting of
subglacial Iuminescence via trapped electron ejection,
as envisaged by Lee & Schwarcz (1994) and Fukuchi
(1989). Although rates of subglacial sediment de-
formation at Haut Glacier d’Arolla have been sug-
gested to be low in comparison to those at other similar
glaciers (Fischer & Hubbard 1999), the combination of
a high annual fine-sediment evacuation rate (Swift ez al.
2002) and a relatively thin basal sediment layer (Harbor
et al. 1997) indicates a potentially highly erosive sub-
glacial environment in which sedimentary particles are
subjected to extremely high stresses. However, such
processes have also been postulated to induce lumines-
cence (Aitken 1985; Toyoda et al. 2000; Zoller et al.
2009), and their net effects on luminescence signals re-
main unknown.

Luminescence as a process tracer in glacial systems

Although this study has indicated unexpected lumines-
cence variation at Haut Glacier d’Arolla, the results do
indicate that luminescence could elucidate glacial sedi-
ment transport pathways. For example, the origin of
sediment being evacuated by the subglacial drainage
system could be investigated using a simple two-com-
ponent mixing model that exploits the contrasting re-
sidual dose of extraglacial and subglacial sediments.
However, uncertainty regarding the nature and efficacy
of a subglacial resetting mechanism means that such
studies would not be easy to apply without further in-
vestigation of the luminescence of glacial erosion pro-
ducts. Further studies of subglacial sediments that have
been obtained in situ must be paramount (see below),
but such samples are logistically difficult to obtain.
Further investigation of diurnal variation in the re-
sidual dose of sediment evacuated by subglacial drai-
nage systems would also be worthwhile (see Gemmell
1994, 1997), but this too is logistically difficult because
stream samples are very difficult to obtain under light-
free conditions.

Further investigation of a possible subglacial resetting
process might include sampling of a more extensive net-
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work of boreholes, as resetting should vary with both
basal shear stress, which should be highest where the ice
is thickest and is moving fastest, and sediment transport
distance, which should increase down-glacier (provided
that not all sediment that is produced by subglacial ero-
sion is rapidly evacuated by the subglacial drainage sys-
tem). Sampling of boreholes over time should also be
undertaken to eliminate fully the potential for resetting
as a result of the transmission of light via boreholes and
the contamination of borehole sediment by sediment
bleached in englacial and supraglacial locations. The re-
sults of such work might enable the identification of
other glaciers with subglacial-conditions that are con-
ducive to resetting, as well as the identification of Qua-
ternary sediments that are likely to have experienced
transport, and thus resetting, in such environments. Ul-
timately, such work could enable the dating of sub-
glacially-deposited tills using luminescence-based
techniques, as well as the quantification of sediment
strain histories and/or residence times in the con-
temporary subglacial environment.

Finally, the results of this study indicate some po-
tential to use luminescence sensitivity to elucidate sedi-
ment transport pathways in a way that is similar to that
proposed for residual dose (above). Specifically, SAR
measurements (Fig. 4) indicate that the TL saturation
of subglacial sediment was markedly higher than that
for the other sediment types, with D, values at 90% of
saturation (as indicated by the form of the curves fitted
to the SAR measurements) being three times greater
than values for other sediment types. However, this
feature of the data is not consistent with the anticipated
effects of glacial crushing, which might be expected to
reduce the saturation point of glacial sediment relative
to non-glacial sediment by reducing the number of lu-
minescence centres surrounded by an extended atomic
lattice (see Lee & Schwarcz 1994). Further work is
therefore necessary to understand the source of this
effect.

Conclusion

This study has shown that the luminescence of sub-
glacial sediment obtained from boreholes drilled to the
bed of Haut Glacier d’Arolla through ~100 m of glacier
ice appears to have been substantially reset relative to
that of extraglacial sediments sampled within the same
small catchment. Although further work is required,
the results also demonstrate that the observed differ-
ences in residual dose cannot readily be explained by
differences in the luminescence characteristics or beha-
viour of the various sample groups. The discussion has
further shown that processes satisfactorily related to
exposure to heat or light cannot explain observed
subglacial sediment residual dose, and we therefore
conclude that further work should also investigate
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alternative resetting processes, including trapped
charge ejection as a result of the grinding and crushing
that both produces and comminutes sediment in the
subglacial environment. Such processes could enable
the dating of subglacially deposited tills using lumines-
cence-based techniques, as well as the quantification of
sediment strain histories and/or residence times in the
contemporary subglacial environment.

It is hoped that the need for further investigation will
be at least partially fulfilled by a recently started re-
search project that aims to shear sediment with natu-
rally acquired luminescence under conditions that are
representative of the subglacial environment (Swift
et al. 2010). However, further study of subglacial sedi-
ment that has been sampled in situ is also required if the
nature and efficacy of any such subglacial resetting is to
be rigorously quantified and constrained. Such studies
are necessary to identify contemporary and Quaternary
glacial environments that are conducive to the resetting
of subglacial sediment and the associated sediments
and landforms that may provide evidence of having
been glacially reset.
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